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TOPOGRAPHY  AND  DYNAMICS  OF  SURFACE 
DEFECTS  ON  IONIC  CRYSTALS 

R.  T.  WILLIAMS,  R.  MARK  WILSON,  AND  A.  L.  SHLUGER* 

Wake  Forest  University,  Department  of  Physics,  Winston-Salem,  NC  27109  USA;  *The 
Royal  Institution  of  Great  Britain,  21  Albemarle  Street,  London  WIX  4BS,  UK 

Scanning  Force  Microscopy  (SFM)  offers  new  possibilities  for  surface  studies  on  insulators,  but  still  needs  work 
on  interpretation  of  the  images  and  on  the  limits  of  what  may  or  may  not  be  measured.  Experimental  and 
theoretical  investigations  of  tip-sample  interactions  and  interpretation  of  images  at  the  atomic  length  scale  are 
discussed.  Observations  have  been  made  on  pure  crystals,  samples  doped  with  charged  defects,  and  mixed  crystal 
alloys.  The  SFM  has  proved  useful  in  investigations  of  radiation  damage  on  insulators  at  mesoscopic  scales,  using 
both  ex  situ  and  in  situ  irradiation. 

Dynamical  processes  involving  surface  defects  are  an  increasingly  active  area  of  investigation.  Topics  include 
energy  transfer  from  self-trapped  excitons  to  adsorbates  or  surface  constituents  and  desorption  mediated  by 
surface  defects. 

Key  words:  surface  defects,  ionic  crystals,  scanning  force  microscopy,  desorption. 


1  INTRODUCTION 

One  of  the  most  fundamental  attributes  of  any  solid  phase  is  that  it  interacts  with  the  outside 
world  through  a  relatively  fixed  boundary,  the  surface.  In  many  cases,  the  chemical  and 
electronic  properties  of  the  surface  are  strongly  influenced  by  the  exceptional  sites, 
i.e.  surface  defects.  This  axiom  of  surface  science  is  easy  to  illustrate  with  examples  drawn 
from  the  vast  array  of  works  on  surface  spectroscopy  of  semiconductors  and  metals, 
including  oxidized  or  other  reacted  thin  layers  on  their  surfaces.  However,  because  so  many 
of  the  surface-sensitive  spectroscopies  necessarily  involve  charged  particles  coming  in  or 
going  out,  the  surfaces  of  bulk  insulators  have  been  more  difficult  to  study  in  the  same 
detail.  Both  charging  and  ionizing  radiation  damage  are  more  severe  in  insulators.  It  should 
not  be  surprising  that  the  study  of  surface  defects  on  some  insulators  is  still  a  young  field. 

Recent  investigations  of  surface  defects  on  MgO^  and  transition  metal  oxides,^  as  well 
as  earlier  works  concentrating  on  the  powder  phase  in  the  1970s,  have  been  motivated 
partly  by  their  utility  as  catalysts,  and  partly  by  interest  in  epitaxial  growth  mechanisms. 
Interface  states  on  SiOi  are  of  interest  for  electronic  applications.  Experimental  and 
theoretical  study  of  nanoscale  clusters  can  address  an  insulator  on  a  scale  where  the  surface 
comprises  a  substantial  fraction  of  all  atomic  sites,^  and  relates  to  technological  interest  in 
nanophase  materials. 

The  topics  of  this  review  are  the  recent  advances  and  possibilities  attendant  to  scanning 
force  microscopy  (SFM),  and  dynamical  processes  involving  surface  defects  on  insulators. 


2  SCANNING  FORCE  MICROSCOPY— ATOMIC  SCALE  PHENOMENA 

Scanning  force  microscopy  (SFM)  yields  images  in  which  excursions  of  a  cantilever  in  the 
near  force  field  of  a  raster-scanned  surface  record  mesoscopic  topographies  with 
unprecedented  vertical  resolution,  and  can  reproduce  a  regular  lattice  with  the  symmetry 
and  atomic  periodicity  characteristic  of  the  sample’s  crystal  structure."^’^’^  Because  the  SFM 
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FIGLFRE  1  Constant-deflection  SFM  images  of  9  alkali  halides  and  3  alkaline  earth  fluorides  on  a  5  nm  x  5  nm 
scale.  Samples  were  cleaved  and  imaged  in  air  at  ~  45%  relative  humidity,  (from  Ref.  6). 


tip-sample  contact  involves  multiple  ions  or  atoms  in  strong  and  potentially  disruptive 
interaction,  detailed  analysis  of  the  tip-sample  system  is  needed  as  one  approaches  atomic 
resolution. 

2.7  Atomic  Periodicity  and  Contrast 

SFM  images  of  CaFa,  SrFs,  BaFz,  LiF,  NaF,  NaCl,  KCl,  RbCl,  KBr,  RbBr,  KI,  and  Rbl  are 
shown  in  Figure  1.  Ten  of  these  twelve  images  (excepting  NaF  and  CaF2)  were  obtained 
with  the  same  cantilever,  and  all  were  acquired  on  cleaved  surfaces  in  air  at  about  45% 
relative  humidity.^  Two-dimensional  Fourier  transforms  of  the  data  yield  average 
periodicities  which  are  plotted  against  the  bulk  lattice  constant  from  x-ray  diffraction  in 
Figure  2.  Lattice  constants  ranging  from  2.46  A  (graphite)  to  7.34  A  (Rbl)  in  14  different 
materials  differing  substantially  in  hardness,  structure,  solubility,  and  likelihood  of  yielding 
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FIGURE  2  Lattice  constant  measured  by  SFM  versus  bulk  lattice  constant  for  14  different  crystals. 


transportable  flakes  were  reliably  reproduced  by  the  SFM.  The  corrugation  is  evidently 
derived  from  the  sample’s  repeating  unit  cell  without  requiring  registry  of  a  specific  tip  and 
a  specific  sample.  Whether  it  is  a  local  image  has  to  be  considered  on  a  case-by-case  basis. 
On  a  microscopic  scale,  changing  crystal  orientation  relative  to  the  cantilever  changes 
the  molecular-level  interaction  between  the  tip  and  the  structure  of  the  sample.  On  a 
macroscopic  scale,  it  determines  the  alignment  of  the  long  axis  of  the  cantilever  with 
particular  crystallographic  rows.  Lateral  forces  (friction)  in  the  direction  of  the  long  axis 
produce  a  bowing  of  the  cantilever  and  consequent  optical  beam  deflection  indistinguish¬ 
able  from  a  height  excursion.  Friction  forces  associated  with  sample  translation 
perpendicular  to  the  long  axis  of  the  cantilever  produce  torsional  deflection  of  the 
cantilever,  which  is  not  detected  in  the  SFM  used  for  Figure  3,  but  can  be  detected  and  is 
now  widely  used  for  ‘lateral  force  microscopy’.  Images  of  LiF  for  sample  orientations 
rotated  from  -15'' to  90°  (clockwise)  in  15°  increments  relative  to  the  cantilever  are 
summarized  in  Figure  3.  The  fast  scan  direction  remained  parallel  to  the  cantilever  long  axis 
(displayed  as  horizontal).  The  quality  of  the  image  is  best  when  a  (100)  axis  is  parallel  to 
the  long  cantilever  axis  (0°  or  90°)  so  that  cations  and  anions  are  alternately  scanned.  When 
the  crystal  is  rotated  45°  to  place  a  (1 10)  row  parallel  to  the  cantilever  axis,  the  spots  appear 
to  merge  into  rows  running  along  (1  —  10),  perpendicular  to  the  cantilever  axis.  Because 
friction  along  (1  —  10)  produces  an  undetected  torsional  bend  in  this  case,  the  loss  of 
contrast  confirms  that  lateral  forces  are  an  important  contributor  to  the  atomic-scale  image 
contrast. 

2,2  Theory 

Shluger  et  al  have  performed  calculations  for  molecular  cluster  models  representing  the  end 
of  the  tip  and  its  interaction  with  the  (100)  surfaces  of  NaCl,  LiF,  and  CaO,  with  and 
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FIGURE  3  Images  of  LiF  on  a  5  nm  x  5  nm  scale  are  shown  as  a  function  of  clockwise  rotation  of  the  sample 
under  the  tip.  The  cantilever  long  axis  and  the  rapid  raster  scan  are  horizontal  relative  to  all  frames.  The  angle  0° 
corresponds  to  alignment  of  the  (100)  crystal  axis  with  the  cantilever  axis. 


FIGURE  4  MgO  tip  above  a  Mg^+  ion  substituting  for  Li+  on  the  (100)  surface  of  LiF.  (from  Ref.  7). 


without  defects.^’^  The  model  tips  included  a  SL^OioHio  cluster  with  protruding  SiOH 
group^  and  a  Mg32032  cube  with  its  comer  pointing  toward  the  sampled  The  latter  case  is 
illustrated  in  Figure  4  above  the  surface  of  LiF  containing  a  Mg^+  impurity  ion.  The  new 
surface  code  MARVIN^  was  used  to  perform  the  atomistic  simulations.’^  Both  tip  and 
sample  were  divided  into  regions  1 ,  where  ion  positions  are  allowed  to  relax  to  minimize 
energy  during  the  calculation,  and  regions  2,  where  the  ions  are  frozen.  Region  1  of  the 
sample  contained  two  to  four  planes  of  72  ions,  while  region  2  contained  5  planes  of  frozen 
ions.  Region  1  of  the  tip  contained  the  44  ions  nearest  the  sample.  The  minimized  energy  of 
the  total  system  was  calculated  as  a  function  of  tip-sample  distance,  where  at  zero  distance 
the  most  protruding  ion  of  the  unrelaxed  tip  would  cross  the  surface  plane  of  the  perfect 
sample.  The  simulation  was  repeated  for  lines  of  approach  above  various  sites  on  the 
sample,  such  as  anion  site,  cation  site,  vacancy,  midpoint  between  ions,  or  impurity  ion. 
Force  curves  for  an  Mg32032  tip  above  several  sites  on  LiF  containing  a  Mg^*^  impurity  are 
shown  in  Figure  5  for  tip-sample  distances  greater  than  4  A.  At  closer  approach,  the  tip  and 
the  sample  interact  strongly  and  become  distorted  or  damaged,  as  shown  in  Refs.  6  and  7.  If 
the  tip  can  be  maintained  about  4  A  above  the  sample,  Figure  5  exhibits  a  good  theoretical 
basis  for  atomic  resolution  of  a  charged  defect. 
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Distance  (A) 

FIGURE  5  Force  versus  distance  curves  for  a  MgO  tip  above  the  perfect  and  defective  (100)  surfaces  of  LiF:  (1) 
above  the  ion  substituting  for  a  Li'*'  ion  on  the  surface;  (2)  above  the  cation  vacancy;  (3)  above  the  regular 
site  position  of  one  of  the  anions  nearest  to  the  vacancy;  (4)  above  the  real  displaced  position  of  that  anion;  (5) 
above  the  intermediate  position  between  the  displaced  anion  and  the  cation  vacancy;  (6)  above  an  anion  on  the 
perfect  (100)  surface,  (from  Ref.  7). 


23  Defects 

Ohnesorge  and  Binnig  have  reported  the  operation  of  a  SFM  in  a  mode  where  the  usual 
jump  to  hard  contact  was  avoided  while  imaging  in  water.^  They  report  nearly  point-like 
lateral  resolution  of  the  topmost  oxygen  sites  on  calcite,  measureable  only  for  tip-sample 
distance  4  A  <  z  <  10  A.  Furthermore,  they  reported  resolution  of  point  defects — kinks  on 
monatomic  steps.  This  is  an  important  direction  for  further  work  to  be  compared  with 
theory.  The  technique  is  challenging  but  at  least  one  other  group  has  reported  corresponding 
results.^®  We  have  observed  point  defect  candidates  under  close  contact  of  the  tip  and 
sample  in  air,  where  an  interposed  water  film  is  believed  to  play  a  crucial  role  of  spreading 
the  large  tip  load  over  a  non-imaged  area.^  Several  groups^’  have  now  reported  atomic 
periodicity  while  imaging  alkali  halides  in  UHV,  usually  displaying  lateral  force.  Ohta  et 
report  point  defect  candidates  observed  on  LiF  in  UHV. 

We  have  recently  recorded  SFM  images  on  cleaved  surfaces  of  the  doped  crystals 
LiF:MgF2  and  LiF:Ti02  in  air  with  a  Si3N4  tip.  In  these  measurements,  however,  there  is  a 
jump  to  hard  contact,  so  that  the  tip-sample  distance  is  considerably  smaller  than  shown  in 
the  simulated  force  curves  for  LiF:MgF2  in  Figure  5.  Simulations  of  the  SUOioHio  tip 
above  NaCl  showed  cation-anion  contrast  even  at  small  separations,  but  also  showed  the 
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(a)  no  uv  (b)  uv  on  t-30s 


FIGURE  6  Progressive  development  of  radiation  damage  induced  by  5.85-eV  light  on  KI  in  air  at  15%  relative 
humidity,  imaged  by  SFM  at  1000  nm  x  1000  nm  frame  size. 


existence  of  multiple  constant-force  surfaces  due  to  different  ions  interacting.^  The 
experimental  images  on  LiF:MgF2  display  good  atomic  periodicity,  with  occasional  defect 
candidates  similar  to  those  reported  earlier.®  We  have  not  yet  found  persistent  defects  from 
scan  to  scan,  which  we  hoped  to  find  in  an  impurity-doped  sample.  One  prediction  of 
Ref.  7  suggests  a  reason:  The  Mg^"^  ion  on  LiF  is  so  strongly  attracted  to  the  MgO  tip,  that 
at  close  approach  it  is  pulled  out  of  the  surface  and  adheres  to  the  tip. 


3  MESOSCOPIC  DEFECT  PHENOMENA  IN  SFM  IMAGES 

Scanning  electron  and  transmission  electron  microscopies  have  previously  been  used  to 
study  the  morphology  of  near-surface  radiation  damage  on  alkali  halides,  such  as  erosion, 
metallization,  and  subsurface  clusters. The  SFM  offers  several  advantages  over  the 
electron-based  techniques,  while  bringing  perhaps  a  different  set  of  disadvantages.  In  any 
case,  it  affords  a  fresh  perspective  and  a  possibility  for  ultimate  high  resolution.  We  have 
introduced  an  ultraviolet  laser  beam  onto  the  SFM  stage  to  study  progressive  effects  of  uv- 
induced  radiation  damage  on  KI  and  Rbl  surfaces.  Measurements  have  been  made  both  by 
alternate  disengagement  and  re-engagement  at  the  same  location  between  exposures,  and  by 
in  situ  irradiation  during  scanning. Figure  6  shows  successive  stages  of  radiation  damage 
on  KI  at  15%  humidity. 
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Electron  beam  irradiation  of  CaF2  in  UHV  produces  calcium  metal  islands  with  a  wide 
variety  of  morphologies  whose  dependence  on  beam  energy,  current  density,  exposure 
time,  temperature,  and  surface  treatment  has  been  investigated  by  SFM.^^  Pits  of  ~  30  nm 
diameter  in  the  CaF2  were  attributed  to  the  shells  of  bulk  calcium  colloids  excavated  by 
surface  erosion.  Ostwald  ripening  of  the  surface  metal  islands  has  been  observed  directly  by 
SFM. 


4  DYNAMICS  OF  SURFACE  DEFECTS 

One  of  the  most  evident  products  of  dynamical  processes  involving  surface  defects  or  their 
creation  is  the  energetic  desorption  of  constituent  atoms  and  ions,  or  of  adsorbates.  In  the 
last  few  years  Szymonski  et  al  reported  startling  new  data  on  the  direction  of  emission  of 
energetic  halogen  atoms  from  the  surfaces  of  irradiated  alkali  halides,  which  prompted 
new  hypotheses  and  theoretical  treatments  yielding  the  adiabatic  potential  surfaces  which 
govern  the  dynamics  of  decomposition  of  certain  near-surface  defects  and  excited 
states. 

In  parallel  work  concerning  ion  emission  from  the  cation  sublattice,  the  critical  role  of 
near-surface  F  centers  has  been  indicated  for  both  halide^ ^  and  oxide^^  crystals.  That  is,  the 
lattice  relaxation  following  electronic  excitation  of  a  near-surface  F  center  can  impart 
significant  kinetic  energy  to  a  cation  located  above  or  possibly  adjacent  to  the  defect, 
causing  its  desorption.  Aspects  of  this  process  have  been  simulated  theoretically  in  recent 
work.^^  The  extensive  investigations  by  the  group  of  Itoh  et  al.  on  laser-induced  Ga 
desorption  from  GaP  illustrates  the  contribution  of  several  specific  defect  sites.  The  transfer 
of  energy  from  self-trapped  excitons  to  C2H2  physisorbed  on  alkali-halide  surfaces  has  been 
studied  by  luminescence  spectroscopy.^^ 

Two-pulse  (sub)picosecond  delayed  laser-induced  desorption  and  surface  damage  on 
insulators  introduces  time  resolution  to  the  study  of  near-surface  defects,  whose  population 
is  generally  too  small  for  conventional  absorption  and  luminescence  probes.  Two-pulse 
laser  ablation  probed  by  ion  emission  provides  information  on  processes  responsible  for 
near  surface  laser  damage.^^  Spectroscopic  experiments  based  on  sirmlar  two-pulse 
techniques  for  study  of  near-surface  defects  and  desorption  are  underway. 
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INFLUENCE  OF  THE  MISMATCH  DISLOCATIONS  ON 
THE  ELASTIC  PROPERTIES  OF  THE  INSULATING 
FLUORIDE  FILMS  DEPOSITED  ON  Si(lll) 
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CaF2  and  SrF2  films  grown  on  Si(l  1 1)  by  molecular  beam  epitaxy  were  studied  by  Brillouin  spectoscopy  method. 
The  measured  velocities  of  surface  acoustic  waves  are  in  close  agreement  with  those  calculated  within  simple 
model  of  a  layered  structure.  The  only  discrepancy  was  a  decrease  of  the  velocity  in  CaF2  films  of  about  100  nm 
thick  and  was  attributed  to  the  different  distribution  of  the  defects  arizing  at  the  early  stages  of  the  growth  modes 
at  the  beginning  of  CaF2  and  SrF2  epitaxy  on  Si(lll). 

Key  words:  SAW,  epitaxial,  films,  mismatch  dislocations. 


1  INTRODUCTION 

Epitaxial  films  of  alkaline  earth  metal  fluorides,  such  as  CaF2,  SrF2,  are  of  great 
importance  both  because  of  the  promising  applications  in  microelectronics,  being  potential 
candidates  for  lattice  matching  of  cheap  silicon  substrates  with  films  of  other  semi-  and 
superconductors.  It  is  a  reason  why  a  thorough  study  of  crystal  structure  of  the  film 
becomes  very  important. 

Brillouin  scattering  could  be  regarded  as  a  useful  additional  method  that  enables  one  to 
study  hypersonic  properties  of  these  structures.  Several  systematic  investigations  already 
conducted  reveal  Brillouin  scattering  as  a  productive  tool  for  the  detection  of  the 
homogeneity  of  thin  solid  films  as  well  as  the  examination  of  the  structural  peculiarities  of 
the  interface  region.^ 

Here  we  report  on  the  comparative  Brillouin  scattering  study  of  films  CaF2/Si(l  11)  and 
SrF2/Si(lll)  heterostructures  and  finding  of  the  correlation  between  the  mismatch 
dislocations  distributions  in  both  films  and  their  elastic  properties. 


2  EXPERIMENTAL 

The  fluoride  films  were  grown  by  molecular  beam  epitaxy  in  a  research  chamber.  Silicon 
substates  were  chemically  etched  and  thermally  cleaned  at  1250°C  in  the  chamber. 
Reflection  high  energy  electron  diffrection  pattern  proves  atomically  smoothness  of  their 
surface.  The  interface  as  well  as  the  rest  part  of  the  film  was  at  700°C-770°C  during  the 
deposition.  During  the  growth  the  films  were  doped  with  Eu  or  Sm  ions  which  were 
impurity  luminescent  probes  sensitive  to  the  homogeneous  planar  strain,  and  to  random 
strains  produced  by  dislocations  and  defects.^ 

In  the  present  work  the  structures  CaF2  /Si(lll)  with  fluoride  thickness 
h  =  0  400  nm  and  those  of  SrF2  /Si(l  11)  with  h  =  0  200  have  been  investigated. 

Brillouin  scattering  experiments  were  performed  using  a  five-pass  Fabry-Perot 
piezoscanned  interferometer  of  Burleigh  supported  by  DAS  1  stabilizing  and  data 
acquisition  system  (for  the  details,  see  ^).  Starting  from  the  frequency  shifts  of  Brillouin 
satellites  the  velocities  of  corresponding  surface  modes  has  been  determined.  Theoretical 
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CaF2/Si(lll) 

qll  [121] 


qh 


FIGURE  la  Experimental  and  calculated  data  for  the  SAW  velocities  in  CaF2/Si(lll)  structures  versus  qh 
parameter;  q|j[121].  Squares  are  experimental  SAW  values.  Theoretical  dispersion  curves  were  calculated  using 
elastic  constants  of  bulk  CaF2,  Si  of  ^ 


values  of  SAW  velocities  were  calculated  following  simple  elastic  continuum  model  of 
ref.*^  using  the  material  parameters  taken  ffom.^ 

Values  of  SAW  velocity  versus  the  normalized  thickness,  qh,  in  CaF2/Si(lll)  system 
are  shown  in  Figure  la.  q  is  the  wave  vector  of  SAW  parallel  to  the  crystallographic 
direction^^^  in  the  (1 1 1)  plane.  Continuous  lines  of  Figure  la  are  for  R,  1,  2,  are  calculated 
velocities  of  Rayleigh,  and  higher  order  Sezawa  modes,  respectively.  Dashed  line  in  the 
Figure  corresponds  to  the  bulk  threshold  velocity  value.  One  can  see  from  the  Figure  that 
except  qh  =  1.8  ^  2.2  the  measured  velocity  values  fit  the  calculated  ones  rather  well.  At 
qh  «  2(h  100  nm)  experimental  values  of  the  Rayleigh  wave  are  5  7%  lower  than 

calculated  ones. 

The  results  of  similar  measurements  for  SrF2/Si(lll)  heterostructure  are  presented  in 
Figure  lb.  In  this  case,  however,  experimental  values  fit  rather  well  the  calculated  ones  in 
the  whole  span  of  qh. 


3  DISCUSSION 

Reasonable  agreement  between  measured  and  calculated  SAW  velocity  values  is  observed 
for  both,  CaF2/Si(lll),  SrF2/Si(lll)  heterostructures.  This  fact  approves  their  high 
structural  quality.  Meanwhile  noticeable  deviation  of  the  measured  SAW  velocity  values 
from  theory  has  been  detected  for  CaF2  films  about  100  nm  thick. 
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SrF2/Si(lll) 

qll[l21] 


qh 


FIGURE  lb  Experimental  and  calculated  data  for  the  SAW  velocities  in  SrF2/Si(lll)  structures  versus  qh 
parameter;  The  same  conventions  as  in  Figure  la. 


In  order  to  clear  up  the  nature  of  this  phenomenon  one  should  consider  different 
behavior  of  the  dislocations  in  CaF2  and  SrF2  films  originated  during  their  growth.  We 
believe  this  difference  is  connected  with  the  peculiarities  of  the  initial  stages  of  the  growth 
mode  which  is  the  coherent  one  in  case  of  CaF2,  whereas  it  is  not  coherent  in  case  of  SrF2. 

SrF2/Si(lll)  is  characterized  by  8%  lattice  mismatch  at  growth  temperature  770°C. 
High  resolution  transmission  electron  microscopy  analysis  proved  that  the  lattice  mismatch 
of  this  scale  produces  the  misfit  dislocations  already  at  the  initial  monolayer  growth  stage.^ 
That  means  that  these  dislocations  are  highly  concentrated  in  a  thin  (<  1  nm)  interface 
layer  region.  The  defective  layer  is  small  as  compared  both,  with  total  film  thickness,  and 
with  acoustic  wave  length  (27r/q  ~  300  nm),  its  effect  upon  the  elastic  properties  of  the 
heterostructure  becomes  negligible. 

Situation  is  changed  dramatically  in  case  of  CaF2/Si(l  11).  Here  the  lattice  mismatch  is 
1.8%  at  the  growth  temperature  of  700°C.  At  the  early  stages  the  growth  proceeds 
coherently,^  the  layer  lattice  accurately  following  the  planar  parameter  of  the  substrate.  At 
small  film  thickness  (<  30  nm)  partial  relaxation  of  mismatch  stress  takes  place. 
Dislocation  concentration  is  low  but  it  grows  with  total  film  thickness  increase.  In  the  films 
thicker  that  100  nm  defective  region  remains  of  approximately  constant  thickness,  and  the 
contribution  of  this  region  appears  to  be  relatively  less.  In  CaF2  films  the  thickness  of 
»100  nm  is  somewhat  critical  because  the  contribution  of  the  defective  layer  becomes 
maximal  (approx.  1/3  of  the  total  film  thickness)  and  its  influence  is  found  to  be  significant 
for  the  elastic  properties  of  the  film  in  GHz  range  and  for  the  velocity  of  SAW. 
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ANALYSIS  OF  THE  PROPAGATION  OF  STRONGLY 
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METHOD  OF  THE  DETECTION  OF  THE  LOW  SCALE 
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Propagation  of  pseudo  surface  modes,  PSMs,  propagating  on  SrF2  epitaxial  layers  deposited  on  GaAs(lll)  was 
studied  by  means  of  Brillouin  spectroscopy.  A  lowering  of  3  -j-  77%  of  the  velocity  values  of  the  PSMs  was 
detected  in  case  of  leaky  modes  of  a  relatively  strong  leakage.  The  observed  deviations  of  the  velocity  of  the 
PSMs  are  connected  with  the  presence  of  a  roughness  region  of  fluoride/GaAs(lll)  interface  extending  on 
several  nm. 

Key  words-.  SAW,  epitaxial  films,  mismatch  dislocations. 


1  INTRODUCTION 

Brillouin  spectroscopy  is  known  to  be  a  useful  additional  method  for  characterization  of 
thin  layered  systems  and  their  structure  description,  giving  the  dynamical  data  in  the  GHz 
frequency  range. ^  Namely,  in  refs.^’^  it  was  found  that  in  case  of  CaF2/Si(lll)  MBE 
grown  systems  exhibiting  good  single  crystalline  structure  of  the  deposited  layer, 
experimentally  determined  Rayleigh  Mode  (RM)  velocity  values  agree  quite  well  with 
those  calculated  using  simple  elastic  continuum  approach  of  ref.^  The  only  velocity 
deviations  were  detected  with  the  samples  having  film  thickness  h  =  65  -f- 100  nm  were 
experimental  values  were  3^5%  lower.  The  latter  was  explained  by  the  presence  of  pre¬ 
interface  distorted  region  of  approximately  30  nm  thick  specific  for  the  mentioned  total 
thickness  values  and  originated  during  initial  stages  of  the  growth  mode.^ 

However,  higher  sensitivity  of  the  detection  of  the  film  distortions  might  be  achieved  if 
one  examines  propagation  of  leaky,  or  so-called  pseudo  surface  modes  (PSMs).  Contrary 
to  the  normal  surface  waves,  PSMs  have  only  two  of  three  partial  waves  which  are 
evanescent  when  leaving  the  surface,  whereas  the  third  partial  wave  is  an  increasing  one.” 

Heterostructures  of  SrF2/GaAs(l  11)  type  are  proved  to  be  a  more  suitable  object  for  the 
investigation  of  how  the  presence  of  the  interface  defects  would  influence  the  PSM 
propagation,  PSMs  have  been  detected  successfully  in  the  substrate  material,  in  a  wide 
range  of  azimuthal  directions  close  to  Additionallv,  the  existence  of  the  PSM  in  a 

sufficiently  wide  range  of  the  h  parameter  was  predicted.^ 


2  MATERIALS,  INSTRUMENTS,  AND  METHODS 

The  SrF2/GaAs(l  11)  films  were  deposited  on  GaAs(l  11)  wafers  by  molecular  epitaxy  in  a 
research  chamber.  The  substrate  temperature  was  530°  -r  600°  C,  and  the  fluoride 
deposition  rate  was  3  to  5  nm  per  min.  The  quality  of  the  lattice,  as  well  as  its  surface 
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FIGURE  la  Experimental  and  calculated  data  for  RM  velocities  versus  qh  in  SrF2/GaAs(l  1 1),  q  ||  [121],  Solid 
line  is  the  theoretical  dispersion  curve,  experimental  values  are  shown  by  Dots. 


morphology,  was  properly  monitored  during  the  growth  using  high  energy  electron 
diffraction  techniques.  Fluoride  layer  thickness  h  was  determined  using  both  ellipsometry 
data.  For  the  present  work  the  structures  SrF2/GaAs(lll)  with  h=  10,  20,  50,  150, 
230  nm  have  been  chosen. 

Light  scattering  experiments  were  conducted  by  means  of  five  pass  piezoscanned 
Fabry-Perot  interferometer  of  Burleigh  in  backscattering  geometry.  For  the  detailed 
descriptions  of  the  observation  conditions  see.^ 

Experimentally  determined  velocities  and  PSM  attenuation  were  compared  with  those 
calculated  using  surface  Green  function  matching  (SFGM)  method.^® 


3  EXPERIMENTAL  RESULTS  AND  THE  DISCUSSION 

The  results  of  surface  acoustic  wave  velocities  measured  in  SrF2/GaAs(lll)  hetero¬ 
structure  vs  normalized  thickness  qh  are  shown  in  Figure  la.  Here  q  is  acoustic  wave 
vector  parallel  to  [121]  ciystallographic  direction  in  (111)  plane.  Solid  curve  corresponds 
to  the  calculated  results  of  RM  velocities  (Vrms)>  and  dots  are  the  measured  values. 
Figure  la  shows  smooth  increase  of  Vrm  value  with  qh  variation  between  the  asymptotes 
describing  by  Vrm  of  the  substrate  (2.62  km/s,  qh  =  0),  and  that  of  the  layer  material 
(2.65,  qh  =  6),  experimental  data  being  fitted  by  the  theory  quite  well.  This  fact  approves 
good  structural  quality  of  the  films  investigated.  However,  3  ri-  5%  deviations  of  the 
measured  PSM  velocity  values  (Vrsms)  from  those  predicted  were  detected  for  q  ||  [HO], 
in  cases  when  PSM  attenuation  is  strong  enough,  see  Figure  lb,  qh  =  2  ri-  4.  Here  dotted 
curve  presents  PSM  attenuation. 

With  variation  of  qh  from  zero  to  six  VpsM  reduces  monotonously  from  3.2  to 
2.67  km/ s,  and  at  large  qh  values  the  PSM  is  found  to  be  a  precursor  of  a  new  RM  of  the 
structure.  When  the  attenuation  is  far  from  the  resonance,  qh  =  0-^l,  qh  >  4.5, 
experimental  velocity  values  satisfactorily  correlate  with  the  theoretical  curve.  The  results 
of  the  measurements  of  the  PSM  attenuation  are  also  presented.  The  measured  values 
(crosses)  agree  with  the  dotted  curve. 

The  systematic  3  --  5%  discrepancy  in  velocities  in  the  case  of  PSM  modes  with  a  more 
pronounced  attenuation  detected  is  connected  with  the  interface  roughness.  After  removing 
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FIGURE  lb  Experimental  and  calculated  data  for  PSM  velocity  and  its  attenuation  versus  qh  in  SrFa/ 
GaAs(lll),  q  ||  [UO].  Same  conventions  as  in  Figure  la.  Dotted  curve — calculated  attenuation  values,  crosses 
experimental  data  (see  right  ordinate  axis). 


oxides  from  GaAs  wafer  under  As  flux  its  (11 1)  surface  becomes  rough,  as  it  was  seen  by 
3-D  spots  on  reflection  high  energy  diffraction  pattern,  the  dimension  of  the  hillocks  being 
of  about  several  nanometers.  During  the  fluoride  film  growth  the  surface  becomes  flatter 
giving  streaky  diffraction  patterns,  but  the  buried  interface  roughness  remains.  It  exists  in 
all  the  films  (qh  ==  0  ^  6).  However,  it  manifests  itself  in  those  structures,  where  the 
propagating  modes  are  significantly  leaky:  qh  =  2  -r  4  Figure  lb. 

This  fact  shows  that  the  local  elastic  properties  of  the  fluoride/semiconductor 
heterostructures  may  considerably  differ  from  those  of  the  bulk  material,  and  from 
continuum  integrated  estimations.  Therefore,  for  the  adequate  characterization  of  the 
elastic  properties  of  even  rather  fainter  epitaxial  systems  theoretical  models  including 
flexible  depth  depending  elasticity  variation  should  be  developed.  These  models  could  be 
in  the  spirit  of  the  planar  defect  approach,^ ^  or  the  effective  medium  approximation,^^ 
employed  in  the  case  of  superlattices. 
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BULK  AND  SURFACE  METALLIZATION  OF  CaF2 
UNDER  LOW  ENERGY  ELECTRON  IRRADIATION 
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Electron  irradiation  of  CaF2  with  2  keV  electrons  causes  metallization  of  the  surface  and  near  surface  layers  by  the 
formation  of  colloids.  Colloids  on  the  surface  are  significantly  larger  than  those  in  the  bulk  indicating  a  higher 
mobility  of  defects  on  the  surface.  Optical  spectroscopy  on  extinction  bands  of  bulk  colloids  reveals  Ostwald 
ripening  as  the  driving  force  for  aggregation,  while  scanning  force  microscopy  results  suggest  that  similar 
processes  dominate  the  early  stages  of  surface  colloid  formation. 

Key  words:  electron  irradiation,  CaF2,  defect  diffusion,  metallization. 

The  development  of  metal  clusters  in  the  bulk  of  metal  halide  crystals  after  irradiation  with 
high  energetic  ionizing  irradiation  has  been  studied  theoretically^  as  well  as 
experimentally^’^.  Metallization  has  also  been  observed  at  the  surface  of  these  materials 
during  electron  stimulated  desorption  experiments."^’^  The  study  of  these  processes  is  not 
only  of  general  scientific  interest  but  may  also  be  important  for  certain  applications  in 
semiconductor  industry.  CaF2  is  a  promising  candidate  for  insulating  layers  in  three 
dimensional  structures  of  silicon  based  microcircuits  due  to  the  small  lattice  constant 
mismatch  between  these  materials.  In  order  to  explore  the  possibilities  of  creating 
structures  in  CaF2  films,  low  energy  electron  beam  processing  of  CaF2  has  been  studied 
recently  by  a  process  including  metallization  patterns  and  subsequent  removal  of  the  metal 
by  water.^  In  our  contribution,  we  compare  metal  aggregation  at  the  surface  and  metal 
colloid  formation  in  the  bulk  of  CaF2  resulting  from  1.5-2. 5  keV  electron  irradiation  with 
regard  to  the  size  of  aggregates  and  the  aggregation  processes. 

Electron  irradiation  and  optical  absorption  experiments  have  been  performed  in  an 
UHV  chamber  with  a  pressure  below  10“^  mbar.  ITie  specimens  were  CaF2  single  crystals 
of  UV  grade  window  material  (Karl  Korth  company)  and  the  (111)  surfaces  have  been 
studied.  For  extinction  experiments  we  used  monochromatic  light  from  a  xenon  high 
pressure  lamp  modulated  with  a  mechanical  chopper  in  combination  with  a  grating 
monochromator.  Photodiode  signals  from  incident  and  transmitted  intensity  were 
processed  by  a  lock  in  amplifier.  The  surfaces  were  studied  ex  situ  with  a  commercial 
Scanning  Force  Microscope  (SFM).  Several  series  of  measurements  made  sure  that  the 
surface  topography  did  not  change  essentially  as  a  function  of  time  after  irradiation  and 
during  scans  with  the  SFM. 

The  penetration  depth  of  primary  electrons  with  energies  used  in  these  experiments  is 
not  well  known.  However,  we  assume  a  relation  between  the  maximum  penetration  depth 
D  and  the  electron  energy  E  (E  in  keV)  of  the  form  D  (nm)  =  40  E^-^  i.e.  65  to  130  nm  for 
energies  ranging  from  1.5  keV  to  2.5  keV.^  The  depth  of  maximum  defect  creation 
probability  is  about  1/5  of  the  maximum  penetration  depth.^  It  can  be  anticipated  that  the 
ratio  between  bulk  and  surface  metallization  is  determined  by  both,  the  depth  profile  for 
defect  creation  as  well  as  diffusion  of  defects. 

To  study  the  influence  of  the  sample  temperature  during  irradiation  on  the  metallization 
process  we  irradiated  one  crystal  at  150  K  and  another  at  450  K.  Spectra  of  both  taken  at 
450  K  are  presented  in  Figure  1  .  The  pronounced  extinction  band  for  irradiation  at  150  K 
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FIGURE  1  Extinction  spectra  of  CaFa  taken  at  450  K  after  irradiation  with  2.5  keV  electrons.  Different  dosages 
have  been  chosen  to  obtain  similar  metallization  for  both  irradiation  temperatures. 


with  a  maximum  around  2.3  eV  is  in  good  agreement  with  calculations  of  light  extinction 
by  Ca  colloids  in  the  CaF2  matrix  based  on  a  model  of  Orera  et  al!^  These  calculations 
yield  a  monotonic  relation  between  colloid  size  and  peak  position  and  a  Lorentzian  band 
shape  of  0.9  eV  width  for  colloids  smaller  than  40  nm.  From  Figure  1  we  can  extract  a 
mean  colloid  radius  of  23  ±  2  nm  for  the  sample  irradiated  at  150  K  and  mean  radius  of 
32  ±  3  nm  for  that  irradiated  at  450  K.  The  extinction  band  shape  and  width  of  the  sample 
with  low  irradiation  temperature  represents  a  narrow  size  distribution  while  the  one  for 
high  temperature  exhibits  a  width  much  larger  than  predicted  by  the  theory  and,  therefore, 
represents  a  colloid  size  distribution  that  is  broadened  toward  larger  colloid  sizes.  The 
weak  shoulder  at  about  3.3  eV  present  in  both  spectra  is  due  to  absorption  in  F-centers. 

Two  samples  have  been  irradiated  at  150  K  using  1.5  keV  and  2,5  keV  electrons.  The 
development  of  the  colloid  extinction  band  has  been  studied  during  slow  heating.  At  150  K 
the  samples  exhibit  a  broad  absorption  between  1.5  eV  and  4.5  eV  photon  energy  after 
irradiation.  We  believe  that  this  absorption  is  caused  by  a  variety  of  F-center  aggregates, 
like  single  F-centers  (absorption  peak  at  3.3  eV),  M-centers  (2.38  eV),  and  R-centers  (1.86 
eV)^^  up  to  small  metallic  clusters  that  are  expected  to  absorb  at  about  2.5  eV.  Heating  the 
sample  leads  to  the  development  of  the  Ca  colloid  absorption  band  starting  at  a 
temperature  of  about  230  K.  The  smallest  colloid  radius  of  1  nm  deduced  from  the 
spectrum  is  in  agreement  with  the  expectation  for  a  F-center  aggregate  that  develops  a 
metallic  band  structure.  Further  growth  of  the  colloids  during  heating  to  450  K  is 
displayed  in  Figure  2.  We  find  a  sharp  increase  of  the  mean  colloid  radius  from  1  nm  to 
25  nm  in  the  narrow  temperature  range  between  260  K  and  300  K. 

It  should  be  noted  that  the  integral  amount  of  metallic  calcium  determined  from  the 
height  and  width  of  the  absorption  band  does  not  change  during  the  growth  of  the  colloids 
below  350  K  and  that  the  number  of  F-centers,  although  it  may  change,  is  always  very  low 
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FIGURE  2  The  development  of  Ca  colloid  size  during  heating  after  electron  irradiation  at  150  K. 


compared  to  those  aggregated  in  colloids.  This  indicates  a  colloid  growth  by  a  ripening 
process^:  the  metal  colloids  and  single  F-centers  are  in  an  equilibrium  that  depends  on  the 
size  of  the  colloids.  The  equilibrium  concentration  of  F-centers  exponentially  approaches  a 
minimum  value  for  large  colloids.  In  this  way  larger  colloids  will  grow  at  the  cost  of 
smaller  colloids  when  the  concentration  of  F-centers  is  lower  than  the  equilibrium  for  the 
small  colloids  but  still  higher  than  the  equilibrium  for  larger  colloids.  Heating  starts  this 
process  by  increasing  both  the  concentration  and  mobility  of  F-centers.  The  sharp  increase 
of  colloid  size  at  270  K  may  be  due  to  the  activation  of  F-centers  from  colloids  or  diffusion 
of  F-centers. 

For  the  irradiation  at  150  K  and  subsequent  heating,  the  assumption  of  a  ripening 
process  is  supported  by  an  analysis  of  the  shape  of  the  resulting  absorption  band  which  is 
similar  to  a  Lorentzian  curve  with  a  band  width  of  approximately  1.0  eV  (Figure  1).  This 
indicates  a  narrow  distribution  of  colloid  size  in  good  agreement  with  predictions  for  the 
size  distribution  during  a  ripening  process,^ 

Above  350  K  the  amount  of  metal  aggregated  in  bulk  colloids  decreases.  This  can  be 
deduced  from  a  lowering  of  the  extinction  observed  in  the  original  spectra.  The  enhanced 
mobility  of  F-centers  causes  diffusion  of  metal  from  the  bulk  to  the  surface,  since  the 
colloids  are  located  in  a  layer  close  to  the  surface.  The  decrease  of  F-center  concentration 
disturbs  also  the  ripening  process,  i.e.  the  F-centers  do  not  necessarily  contribute  to  colloid 
growth  but  may  alternatively  be  trapped  by  the  surface.  Consequently,  colloid  size 
decreases  for  temperatures  above  350  K  (Figure  2).  This  loss  by  diffusion  is  more 
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FIGURE  3  Scanning  Force  Microscopy  image  of  the  CaF2  surface  irradiated  with  0.9  keV  electrons  (1  mm 
beam  diameter),  12*12  /xm^,  irradiated  with  less  than  1  (iJK  for  20  sec. 


pronounced  for  the  1 ,5  keV  irradiation  because  the  effect  depends  on  the  mean  distance  of 
the  colloids  to  the  surface  and,  therefore,  on  the  energy  of  the  primary  electrons. 

The  surface  of  CaF2  is  metallized  by  low  energy  irradiation  not  only  by  diffusion  of 
F-centers,  as  mentioned  above,  but  also  by  fluorine  depletion.  During  the  irradiation 
experiments  we  always  find  a  strong  fluorine  desorption  while  calcium  desorption  is 
observed  only  for  temperatures  above  450  K.  Scanning  Force  Microscopy  was  used  to 
study  the  topography  of  surface  metal  aggregation.  Figure  3  shows  the  SI^  image  of  a 
cleaved  surface  irradiated  with  a  low  electron  dose.  The  colloids  on  the  surface  are  oblates 
with  a  typical  relation  of  height  to  radius  of  1  to  10.  The  smallest  distinctable  colloids  on 
the  surface  are  about  the  size  of  the  largest  ones  in  the  bulk  determined  by  optical 
spectroscopy,  but  many  are  significantly  larger.  This  is  a  hint  to  a  colloid  mobility  on  the 
surface. 
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FIGURE  4  Scanning  Force  Microscopy  image  of  the  CaF2  surface  irradiated  with  0.9  keV  electrons,  3.3*3.3 
live?-,  irradiated  with  1.5  /iA  for  200  sec. 


The  structure  of  the  size  distribution  in  Figure  3  suggests  a  model  of  diffusion  of  metal 
colloids  on  the  surface,  where  smaller  colloids  which  come  into  contact  with  large  colloids 
will  be  swallowed  by  the  latter.  Bigger  colloids  grow  at  the  costs  of  smaller  similar  to  the 
process  in  the  bulk  what  could  be  regarded  as  a  ripening  process  at  a  larger  scale.  It  is 
presently  not  clear  whether  the  diffusion  is  driven  by  the  higher  temperature  during  the 
irradiation  experiment  or  by  the  beam  of  primary  electrons. 

The  result  of  longer  irradiation  is  presented  in  Figure  4.  The  larger  colloids  tend  to  form 
tom  up  aggregates,  which  are  circularly  shaped  but  still  show  some  reminiscent  stmeture 
of  their  constituents.  For  a  possible  explanation  of  this  feature  we  recall  that  even  in  UHV 
the  developing  metal  on  the  surface  can  oxidize.  This  might  yield  a  passivation  of  the 
surface  of  the  colloids  that  prevents  the  amalgamation  of  a  cmde  aggregate  into  one 
smooth  colloid. 
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In  summary,  bulk  and  surface  of  CaF2  are  metallized  under  low  energy  electron 
irradiation  in  a  similar  process  of  defect  production,  aggregation  and  ripening  yielding  a 
narrow  distribution  of  metal  colloids.  The  different  crystal  structure  and  the  lower 
dimensionality  of  the  diffusion  at  the  surface  is  manifested  in  the  oblate  shape  of  the 
colloids  and  their  bigger  size  which  is  due  to  a  higher  mobility  of  defects.  Additionally,  on 
the  surface  complete  metal  colloids  may  move  while  in  the  bulk  material  transport  is  only 
due  to  diffusion  of  point  defects.  It  is  obvious  from  Figure  1  that  the  electron  beam 
interferes  with  the  developing  colloids  at  higher  temperatures.  At  450  K  the  electron  beam 
increases  the  concentration  of  F-centers  which  are  already  mobile  and  causes  a  broadening 
of  the  colloid  size  distribution  towards  larger  colloids  compared  to  the  distribution  after 
irradiation  at  150  K  and  subsequent  heating  to  450  K.  Also,  on  the  surface  the  mobility  of 
defects  and,  possibly,  the  mobility  of  metal  colloids  is  enhanced  by  the  electron  beam  as 
shown  by  the  fact  that  the  SFM  images  of  the  early  metallization  stage  (Figure  3)  represent 
a  frozen  state  of  ripening. 
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SURFACE  MODIFICATION  OF  POLYMERS  INDUSED 
BY  ION  IMPLANTATION 
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It  was  found  from  the  IR  and  UV-visible  spectra,  that  the  ion  implaritation  into  polymers  results  in  the  breakage  of 
molecular  chain,  creation  of  double  bonds  and  oxidation,  which  is  connected  with  formation  of  carbonyl  groups. 
The  considerable  increase  of  the  electrical  conductivity  after  the  ion  implantation  was  observed  in  all  studied 
polymers.  This  increase  of  the  conductivity  was  essentially  caused  by  the  increase  of  conjugated  double  bonds.  In 
unpolar  polymers,  the  increase  of  surface  free  energy  resulting  in  enhancement  of  polarity  of  unpolar  polymer  was 
found. 

Key  words:  implantation,  polymer,  oxidation,  carbonization. 


1  INTRODUCTION 

Ion  implantation  is  one  of  the  methods  frequently  used  for  the  modification  of  surface 
properties  of  materials.  As  a  result  of  ion  bombardment,  the  polymer  is  degraded  and 
relative  carbon  content  increases  in  surface  layer. Another  process  taking  place  in  ion 
exposed  polymers  is  oxidation  and  creation  of  carbonyl  groups  and  conjugated  double 
bonds.^""^  Creation  of  so  organized  unsaturated  double  bonds  in  polymer  chain  is 
considered  to  be  responsible  for  dramatical  increase  of  electrical  conductivity  in  ion  beam 
modified  polymers.^’^  Another  property  which  can  be  changed  by  ion  implantation  is 
polymer  surface  polarity.  It  has  been  found  that  for  unpolar  polymers,  i.s.  polyethylene, 
polypropylene,"^  the  surface  polarity  becomes  higher  as  a  result  of  ion  implantation.^-"^ 


2  EXPERIMENTAL 

The  experiments  were  performed  on  thick  foils  of  oriented  polyethylene  (PE).  The  samples 
of  PE  were  implanted  with  F'*'  ions  of  energy  150  keV  to  the  doses  of  10^ ^-10^^  cm”^. 

The  structural  changes  in  ion  implanted  samples  were  examined  using  IR  and 
UV-visible^  spectroscopy.  The  polar  component  of  surface  free  energy  (7sp)  was 
determined  from  measured  contact  angles  for  polar  (water)  and  unpolar  (hexane)  liquids.  A 
Keithley  instrument  was  used  for  determination  of  sheet  conductivity. 


3  RESULTS  AND  DISCUSSION 

The  IR  spectra  of  polyethylene  prior  and  after  ion  implantation  were  measured  and  the 
results  shown  in  Figure  1 .  One  can  see  that  with  the  increasing  F^  ion  dose  the  absorption 
maximum  at  1720  cm“^  characteristic  for  carbonyl  group  on  the  chain  becomes  stronger. 
This  fact  indicates  oxidation  processes  related  directly  to  the  ion  implantation.  Another 
maximum  at  1650  cm"^  which  also  becomes  stronger  with  increasing  ion  dose,  is  related 
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FIGURE  1  IR  spectra  for  the  PE  samples  implanted  with  150  keV  F+  ions  to  different  ion  doses.  The  first 
absorption  maximum  at  1720  cm~^  is  characteristic  for  carbonyl  group  (C=0),  the  second  1650  cm“^  belongs  to 
double  bonds  on  polyolephins.  The  numbers  are  the  ion  doses  in  cm“^. 
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FIGURE  2  The  dependence  of  the  polar  component  of  the  PE  surface  free  energy  on  the  dose  of  150  keV  F'*' 
ions. 

to  double  bonds  on  polyolephins.^  The  observed  phenomena  leads  to  the  conclusion  that 
during  the  implantation  of  PE  with  ions  the  polymer  surfaces  is  dehydrogenated  and 
free  radicals  appear  from  which  double  bonds  or,  after  oxygen  penetration,  the  carbonyls 
groups  are  created. 

The  measured  polar  component  of  free  surface  energy  7sp  as  a  function  of  the  dose  of 
implanted  ions  is  shown  in  Figure  2.  One  can  see  that  the  free  energy  polar  component 
is  relatively  high  for  the  unexposed  PE  samples  examined.  Polar  component  ^sp  increases 
linearly  with  increasing  ion  dose,  that  is  the  PE  surface  polarity  is  proportional  to  the  dose 
of  implanted  F'^  ions. 

The  sheet  conductivity  was  measured  on  pristine  and  ion  implanted  PE  samples.  While 
the  conductivity  of  pristine  undegradeted  PE  varies  from  10“^^  —  10“^^  S,  the  polyethylene 
samples  implanted  with  F'*'  ions  exhibit  the  conductivities  of  2  x  10“^^  S  for  the  ion  dose 
of  10^^  cm~^  and  <  10"^^  S  for  lower  doses.  This  increase  of  the  conductivity  was 
essentially  caused  by  the  increase  of  conjugated  double  bonds  shown  by  IR  spectroscopy 
(Figure  1)  and  UV- visible  spectroscopy.^ 
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THE  BEHAVIOUR  OF  PURE  AND  K+  IMPLANTED  LiF 
SURFACES  UNDER  ELECTRON  BOMBARDMENT 
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As  detected  by  Auger  electron  spectroscopy  (AES),  the  interaction  of  a  pure  (100)  LiF  surface  with  an  electron 
beam  induces  a  loss  of  fluorine.  Lithium  atoms  are  oxidized  in  the  vacuum  ambient  and  the  formation  of  lithium 
oxide  Li20  has  been  characterized  using  electron  energy  loss  spectroscopy  (EELS)  by  typical  structures  at  18.6 
and  10  eV.  The  loss  of  fluorine  is  associated  with  a  decrease  of  the  positive  surface  potential.  The 
cathodoluminescence  (CL)  emissions  detected  in  the  250-900  nm  wavelength  range  at  3.8,  3.1,  2.3  and  1.9  eV 
have  been  attributed  to  F,  Fg"^  and  F2  centers. 

A  quite  different  behaviour,  without  loss  of  fluorine,  is  observed  for  a  LiF  sample  implanted  with  potassium  K 
ions.  This  implanted  sample  appears  to  be  more  stable  under  electron  irradiation  than  pure  LiF  .  Such  a  different 
behaviour  may  be  explained  by  a  decrease  in  the  efficiency  of  energy  transfer  mechanisms  connected  to  different 
space-charge  effects. 

Key  words:  LiF,  ESD,  F  center,  space-charge,  surface,  cathodoluminescence. 


1  INTRODUCTION 

The  aim  of  this  study  is  to  compare  the  behaviour  under  electron  bombardment  of  a  pure 
LiF  insulating  substrate  and  a  LiF  sample  implanted  with  potassium  ions  K+ 
(5.10^^  ions/cm^;  170  keV).  Owing  to  the  insulating  nature  and  the  ionic  character  of 
the  material  Oandgap  Eg  =  1 1,6  eV;  ionicity  =  92%  for  LiF),  space-charge  effects  need  to 
be  considered  within  the  framework  of  usual  ESD  processes  involving  known  excitations, 
defects  and  energy  transfer  mechanism  (1-3). 

Different  models  have  been  developed  in  order  to  explain  electron  stimulated 
dissociation  (ESD)  of  alkali  halides,  and  a  critical  review  on  the  subject  has  been  recently 
published  by  Fine  and  Szymonski.^  Surprisingly,  the  characteristic  distribution  of 
charges"^-^  inside  the  insulating  material  subjected  to  electron  irradiation  is  often  neglected 
in  data  related  to  ESD.  The  charge  distribution  leads  to  the  presence  of  an  electric  field  in 
the  subsurface  region  between  the  positively  charged  surface  layers  due  to  the  secondary 
electron  emission,  (which  is  very  large  for  alkali  halides),  and  the  negatively  charged 
region  resulting  from  the  injection  of  primary  electrons  inside  the  sample.  This  induced 
electric  field  may  be  an  important  parameter  in  transport  phenomena  of  charged  species. 


2  THE  CHANGE  IN  THE  SURFACE  COMPOSITION  OF  PURE  LiF 

As  detected  by  Auger  electron  spectroscopy  (Figure  1)  from  the  decrease  of  the  intensity 
of  the  F-KLL  Auger  emission,  the  interaction  of  a  pure  (100)  LiF  surface  with  an  electron 
beam  induces  a  loss  of  fluorine.  The  simultaneous  increase  of  the  0-KLL  Auger  signal 
suggests  that  the  excess  of  lithium  atoms  resulting  from  the  loss  of  halogen  are  oxidized  in 
the  vacuum  ambient  containing  residual  gases  O2,  CO2,  H2O  at  partial  pressures  in  the 
10“^®  Torr  range.  Such  a  situation,  i.e.  electron-stimulated  loss  of  halogen  and  subsequent  > 
oxidation  of  alkali  atoms,  closely  corresponds  to  the  observations  of  Knapp'^  on  evaporated 
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(uncorrected  from  the  surface  potential) 


(uncorrected  from  the  surface  potential) 


FIGURE  1  The  change  of  the  fluorine  F-KLL  and  oxygen  0-KLL  Auger  spectra  during  the  exposure  of  the  LiF 
surface  to  the  electron  beam  (energy:  2  keV,  intensity:  10  fiA). 
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FIGURE  3  Electron  energy  loss  spectra  of  pure  LiF  and  K+  implanted  LiF  substrate  recorded  just  after  their 
introduction  in  the  electron  analyser. 


NasAlFg  films.  The  formation  of  lithium  oxide  has  been  characterized  using  electron 
energy  loss  spectroscopy  (Figure  2)  by  typical  losses  at  18.6  and  10  eV  corresponding  to 
the  excitation  of  volume  and  surface  plasmons  in  Li20.^ 

The  loss  of  fluorine  is  associated  with  a  change  in  the  surface  potential,  as  deduced 
from  the  shift  of  the  F-KLL  and  0-KLL  Auger  spectra  to  higher  kinetic  energy  (Figure  1). 
The  positive  surface  potential  is  decreased  with  the  change  in  the  surface  composition  of 
the  material. 

By  using  a  higher  energy  beam  (80  keV)  of  an  electron  microscope,  it  is  possible  to 
observe  the  emission  of  red-coloured  trails  of  light  due  to  the  directive  ejection  of  species 
at  the  position  of  the  electron  beam  impact  with  the  LiF  surface.  With  some  technical 
problems  due  to  the  fleetingness  of  the  emission,  this  light  has  been  analysed  through  a 
quartz  window  and  attributed  to  the  radiative  relaxation  of  excited  fluorine  atoms  (spectral 
lines  near  641  nm  and  in  the  680-700  nm  range  corresponding  to  3s-3p  transition  of  the 
neutral  atom).  The  ejection  of  Li  atoms  may  also  occur,  as  deduced  from  the  spectral  line 
at  670  nm.^ 

It  is  well  known  that  hyperthermal  emission  of  halogen  from  alkali  halides  subjected  to 
electron  bombardment  occurs  along  well-defined  directions.  The  ejection  of  hyperthermal 
neutral  atoms  in  the  (100)  direction  has  been  observed  by  Fine  and  Szymonski.^  Negative 
ions  of  halogen  species  are  emitted  along  the  (110)  axis  which  corresponds  to  the 
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FIGURE  4  Cathodoluminescence  spectra  of  the  electron-irradiated  LiF  and  K'*'  -implanted  LiF  samples. 


geometric  orientation  of  the  H  and  Vk  centers.  This  is  the  direction  of  atom  transport  by 
replacement  collision  sequence  according  to  the  Pooley-Hersh  model.  In  the  light  of 
the  recent  theories  explaining  the  formation  of  F-H  pairs  in  alkali  halides, the  (1 10)  axis 
corresponds  as  well  to  the  preferential  direction  for  the  off-center  translational  instability 
of  the  self-trapped  exciton  (Vk  -he”)  system  which  may  transform  into  a  (F-H)  pair. 

The  structure  which  appears  at  about  4  eV  in  the  electron  energy  loss  spectra  of  LiF 
during  electron  irradiation  is  connected  to  the  presence  of  fluorine  vacancies.  This  loss 
structure  is  present  in  the  spectra  of  the  implanted  LiF  substrate  (Figure  3)  and  is  no 
longer  observed  after  heat  treatment  (500°C  in  UHV)  of  the  samples.  This  treatment, 
which  is  known  to  decrease  the  number  of  colored  centers  in  the  material,  favours  the 
formation  of  lithium  oxide  at  the  surface  of  LiF  (Figure  2). 

The  cathodoluminescence  of  the  electron  irradiated  LiF  sample  at  330  nm  (3.8  eV)  and 
400  nm  (3.1  eV)  may  originate  from  the  F  centers  (Figure  4).  Other  CL  structures  detected 
in  the  visible  wavelength  range  at  530  nm  (2.3  eV)  and  670  nm  (1.9  eV)  are  associated  to 
Fs'*'  and  M  (F2)  defects  in  agreement  with  previous  optical  emission  measurements.^^ 


3  THE  BEHAVIOUR  OF  K+  IMPLANTED  LiF  SAMPLE 

The  LiF  sample  previously  implanted  with  potassium  K+  ions  displays  a  different 
behaviour.  The  loss  of  fluorine  is  not  detected  and  the  surface  potential  is  not  changed 
under  electron  irradiation;  therefore,  the  implanted  surface  appears  to  be  more  stable  than 
pure  LiF.  Because  the  local  atomic  or  electronic  excitations  in  pure  and  implanted 
surface  of  LiF  are  expected  to  be  nearly  similar,  their  different  behaviour  against  electron 
irradiation  may  be  explained  by  non-local  phenomena:  a  decrease  in  the  efficiency  of 
energy  transfer  mechanisms  combined  to  the  change  in  space-charge  effects  is  proposed 
according  to  the  experimental  observations. 
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INVESTIGATION  OF  ZnSe  FILMS  GROWN 
ON  GGG,  YIG 


P.  KOSOBOUTSKI  and  P.  VODOLAZSKI 
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A  new  class  of  heterostructures  such  as  semiconducting  film  coatings  of  the  iron-garnet  substrates  is  investigated 
on  the  issue  of  their  physical  properties.  It  is  proven  that  unlike  a  world  of  difference  in  their  crystal  lattice 
parameters,  heterostructures  like  ZnSe-GGG  and  ZnSe-YIG  possess  satisfactory  mechanical  properties  and  crystal 
structure. 

Key  words’.  ZnSe-GGG  (YIG),  luminescence,  exciton  band,  adhesion. 


1  INTRODUCTION 

Heterostructures  being  semiconducting  film  coatings  of  iron-garnet  crystals  are  quite 
promising  in  the  development  of  a  class  of  microelectronic  devices  that  work  by  the  new 
physical  grounds,  namely,  based  on  interaction  between  magnetostatic  waves  and 
electronic  subsystem  within  a  semiconductor.  Firstly,  such  a  device  can  be  controlled  by 
either  applying  the  electric  field  or  illuminating  the  semiconducting  film  surface.  Secondly, 
the  presence  of  photosensitive  coats  gives  the  possibility  of  simultaneous  memorizing  the 
picture  there.  ^  However,  the  technological  growth  of  epitaxial  semiconducting  films  at  iron 
garnets  is  rather  difficult.  The  point  is  that  there  is  a  lot  of  discrepancy  between  both  crystal 
lattice  parameters,  and  they  also  differ  in  their  thermal  expansion  coefficients. 


2  EXPERIMENTAL  PROCEDURE 

ZnSe  films  were  grown  on  gadolinium-gallium  garnet  (GGG)  and  yttrium-iron  garnet 
(YIG)  substrates  via  sublimation  in  quasi-closed  volume.  The  garnet  substrates  were 
oriented  on  (110).  The  luminescence  was  excited  with  a  He-Cd  laser  at  a  generation 
wavelength  of  A  =  441.6  nm,  and  with  an  N2  laser  (A  =  337  nm). 


3  RESULTS  AND  DISCUSSION 

As  was  mentioned  above,  a  lot  of  discrepancy  between  the  ciystal  lattice  parameters  in 
the  heterojunctions  under  consideration,  of  a(ZnSe)  =  0.56687  nm  and  a 
(YIG)  =  1.2376  nm,  is  a  characteristic  feature  there.  However,  if  one  takes  into  account 
that  the  parameters  are  related  to  one  another  about  twice  as  large,  the  discrepancy  does  not 
exceed  9%.  This  implies  that  the  strains  in  the  film-substrate  interface  in  the  given  class  of 
heterosystems  can  be  minimized  and  therefore  the  structures  such  as  ZnSe-GGG  (YIG) 
could  be  considered  as  stable.  The  ratio  of  the  linear  thermal  expansion  coefficients  looks 
like  being  up  to  obtain  stable  heterostructures  with  a  good  adhesion  of  films  to  the 
substrate  surface.  They  are  as  follows:  aznSe  =  7.8  x  10“^  and  q;ggg(iyg)  =  8.13  x 
10“^  It  is  seen  that  there  is  some  difference  in  their  values,  which  would  not  be  to 
decide  the  stability  of  heterostructures,  since  there  is  a  possibility  of  fitting  the  value  of  a 
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FIGURE  1  Electronic  microscope  picture  of  the  cross  section  through  ZnSe-GGG. 


in  a  film  to  the  bulk  one  in  a  substrate.^  In  Figure  1  is  shown  the  electronic-microscope- 
made  picture  of  ZnSe-GGG  heterostructure  interface.  It  is  seen  that  the  ZnSe  films  embody 
the  block  structure  which  is  commonly  a  characteristic  in  such  a  compound.  It  is  worthy  as 
the  electronic  microscope  investigations  showed  that  the  contact  of  the  film  to  substrate 
has  a  block  character,  too.  In  the  luminescence  spectra  when  excited  with  an  N2  laser  at  the 
liquid  nitrogen  temperature  (T  =  77  K)  there  is  observed  a  wide  structureless  band 
(curve  1  in  Figure  2),  which  was  shown  by  the  additional  studies  to  have  a  plasma 
character.  The  similar  spectrum  was  observed  from  ZnSe-YIG  as  well.  The  emission  bands 
of  free  and  localized  excitons  were  not  observed  in  the  emission  spectra  of  ZnSe-YIG  at 
the  liquid  helium  temperature  (T  =  4.2  K)  and  the  low  excitation  levels.  This  could  be  due 
to  the  diffusion  of  iron  atoms  in  the  process  of  epitaxy,  as  iron  atoms  were  found^  to 
suppress  the  radiative  recombination  channels.  The  emission  spectra  of  ZnSe-GGG  under 
the  conditions  of  excitation,  however,  show  comparatively  weak  emission  bands  of 
localized  excitons  (curve  2  in  Figure  2)  in  the  region  of  the  fundamental  absorption  edge. 
On  the  other  hand,  for  both  the  heterostructures  the  exciton  reflection  spectra  become 
observable  at  T  =  5  K  (curve  3  in  Figure  2).  The  bottom  of  the  exciton  band  with  a 
quantum  state  of  n  =  1  lies  at  E  ~  2.802  eV,  which  conforms  to  the  reference  data^  for  the 
cubic  crystals.  The  fact  that  the  extrema  in  the  reflection  curve  are  weak  points  to  the 
strains  available  in  the  films  obtained.  The  tests  for  the  mechanical  properties  showed  that 
the  heterostructures  possess  satisfactory  mechanical  strength  and  adhesion.  This  was 
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confirmed  also  by  the  multiple  thermal  cycling  corresponding  to  300  K  — ^  77  K  — ^  4.2  K 
^  300  K  scheme,  not  leading  to  rapidly  cracked  or  peeled  films. 
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INVESTIGATION  OF  THE  THERMOCHEMICAL 
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In  the  present  paper  the  investigation  of  optical  properties  in  ZnSe  single  crystals  from  action  by  the  infrared  light 
radiation  is  provided.  It  is  shown  that  laser  light  induced  thermochemical  reaction,  of  a  certain  type,  harnesses  a 
metallization  effect  at  the  sample  surface. 

Key  words:  ZnSe,  luminescence,  thermochemical  reaction,  IR  laser  light  excitation. 


1  INTRODUCTION 

In  the  infrared  (IR),  which  is  the  working  range  for  CO2  lasers,  semiconducting  ZnSe 
single  crystals  were  shown  to  be  one  of  the  most  promising  materials  in  making  laser- 
optics  elements  such  as  laser  windows.  This  compound  possesses  with  applicable 
radiational  stability,  and  good  thermal  and  mechanical  characteristics  as  well.^  However,  it 
is  known^’^’^  that  the  transparency  of  a  ZnSe  crystal  when  exposed  to  IR  radiation  may 
change  by  the  thermochemical  reactions  triggered  there  by  IR  light. 


2  EXPERIMENTAL  PROCEDURE 

In  the  present  paper,  ZnSe  single  crystals  grown  by  the  Bridgeman-Stockburger  method 
were  investigated.  The  luminescence  was  excited  with  a  He-Cd  laser  at  a  generation 
wavelength  A  =  441,6  nm  and  an  output  power  P  =  0.02-0.03  W.  The  samples  were 
irradiated  with  a  CO2  laser  (A  =  10.5  nm,  P  =  35  W).  If  necessary,  the  irradiance  could  be 
changed  by  proper  focusing  of  the  laser  light  beam  with  a  KCl-made  lens. 


3  RESULTS  AND  DISCUSSION 

3.1  Luminescence  From  ZnSe  Single  Crystals 

In  the  exciton  luminescence  spectra  from  non-irradiated  ZnSe  samples  there  are  observed 
lines  labelled  Ii  (exciton  localized  by  the  vacancies  Vzn  in  place  of  Zn  atoms);  I2  (Vge);  Ij 
(Na  and  Li  atoms  in  place  of  s).^  After  being  irradiated  for  30-60  minutes  by  the  light 
at  a  power  by  two  orders  of  magnitude  smaller  than  the  decomposition  threshold  power 
value  there,  the  crystals  showed  the  decreased  intensities  in  I2  and  Ij  lines,  and  more 
intense  Ii  line.  This  process  can  proceed  on  account  of  both  the  formation  of  new  Vzn’s  by 
displacing  Zn  atoms  to  the  intersite  lattice  space  and  the  diffusion  of  Na  and  Li  atoms  away 
from  Vzn  positions.  It  is  seen  in  Figure  1  that  the  concentration  of  Se  atoms  within  the  area 
of  a  laser  spot  at  the  oncome  sample  surface  is  abruptly  decreased,  while  that  of  Zn 
remains  almost  unchanged,  and  they  correlate  qualitatively  to  the  previous  results. 
Somewhat  spread  in  the  data  is  most  likely  caused  by  the  laser  beam  inhomogeneity. 
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FIGURE  1  Distribution  in  Zn  and  Se  concentrations  at  the  irradiated  crystal  surface. 
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FIGURE  2  Electronic  microscope  picture  of  A1  film-ZnSe  surface  interface:  I-non-irradiated  region,  Il-irradiated 
region. 
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3.2  IR  Absorption  Spectra  of  ZnSe 

When  exposed  to  more  powerful  radiation  of  a  CO2  laser  at  4.2  K,  ZnSe  samples  no  longer 
show  the  exciton  luminescence  response.  However,  there  appear  new  bands  in  the  region 
from  700-4000  cm  ^  in  their  IR  absorption  spectra.  These  changes  can  be  explained  by 
the  thermochemical  reactions  in  the  crystals  that  are  triggered  from  the  heating  effect  made 
by  the  continuous  laser  emission.  We  may  deal  here  with  a  thermochemical  reaction  of  the 
following  type:^ 

3  ZnSe  +  3.5  O2  2  ZnO  +  ZnSeOs  +  Se02  +  Se. 


3.3  X-ray  Study 

In  order  the  possibility  of  creating  ZnO  films  at  the  ZnSe  surface  through  the  oxidation  of 
Zn  atoms  from  action  by  the  laser  light  beam  be  proven,  the  study  of  X-ray  diagrams  from 
irradiated  ZnSe  surfaces,  including  the  determination  of  interplane  distances  d  for  the 
different  hkl  reflex  indices  has  been  made.  The  intensity  correlation  between  the  various 
reflexes  of  a  laser  light  generated  ZnO  film  has  been  settled  as  follows: 


1(002)  >  1(103)  >  1(105)  >  1(004)  >  1(006)  >  1(104)  >  1(205)  1(124)  >  1(114)  > 

1(112)  >  1(102)  >  1(101)  >  1(100)  1(110)  1(201)  1(202)  1(203)  1(204) 

1(303)  1(123)  «  1(302)  ^  1(106)  1(220)  1(200)  1(120)  1(121)  >  1(122). 


It  follows  from  this  sequence  that  reflexes  from  the  (001)  plane,  i.e.  1(002),  1(004),  and 
1(006),  are  set  far  left  compared  to  those  reported  in  the  literature.^  This  means  that  the 
crystallites  which  form  the  ZnO  film  are  mainly  oriented  perpendicular  to  the  sample 
surface,  that  is,  the  (001)  plane  is  oriented  parallel  to  the  ZnO-film  surface,  and  the 
crystallites  are  aligned  with  the  laser-beam  propagation  direction.  Analysis  made  on  the 
Debye  diagrams  showed  the  crystal  grains  not  exceeding  10“^  cm  in  size. 

3.4  Adhesion  Properties  of  Metal  Films  to  Irradiated  ZnSe 

As  was  mentioned  above,  atomic  Se  is  observed  to  sublime  from  the  irradiated  sample 
surface.  It  then  could  be  expected  that  adhesion  metal-film  coupling  properties  bear  a 
substantially  close  relationship  to  the  irradiated  ZnSe  surface.  So,  two  samples  of  the  same 
crystal  ingot,  one  of  them  annealed  under  vacuum  at  both  annealing  temperature  and  time 
that  corresponds  to  the  laser  light  induced  changes  in  the  emission  spectra,  were  prepared, 
and  then  Aey  were  spread  with  A1  metal  at  420  K.  The  electronic  microscope  taken 
pictures  from  the  faces  of  the  samples  show  (Figure  2)  much  stronger  adhesiveness  of  A1 
film  to  the  annealed  subingot.  The  mechanical  tests  of  the  A1  spread  films  for  their  strength 
also  indicated  that  the  film  strength  is  high  too  when  the  annealed  sample  is  taken.  On 
further  heating  the  samples  up  to  780  K,  the  strength  of  the  A1  film  on  the  unannealed 
sample  decreases  unlike  the  annealed-sample  film  which  is  not  being  weakened.  Multiple 
thermal  cycling  made  on  the  samples  in  the  temperature  range  between  77  K  and  300  K 
results  in  the  partially  peeled  A1  films  at  the  surface  of  the  unannealed  sample,  while  that  is 
now  as  strongly  pinned  to  the  annealed-sample  surface  as  before. 
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An  investigation  of  Raman  scattering  in  CdSe  nanocrystals  embedded  in  oxide  glass  matrix  under  resonant 
excitation  has  been  accomplished.  First  we  observe  the  dependence  of  both  the  longitudinal  optical  phonon  and 
the  low  frequency  scattering  energies  with  the  excitation  wavelength  which  is  explained  in  terms  of  size  selective 
excitation.  A  peculiar  attention  is  given  to  the  behaviour  of  low-frequency  spectra  and  selection  rules  due  to 
resonance  effects  are  reported.  Most  of  the  first  harmonics  of  the  different  predicted  vibration  modes  have  been 
observed  and  a  qualitative  attempt  has  been  made  to  link  the  observed  modes  with  the  excited  electronic  levels. 

Key  words:  II-VI  semiconductor,  quantum  confinement,  resonant  Raman  scattering,  low-frequency  Raman 
scattering,  size  selective  excitation. 


1  INTRODUCTION 

The  interest  in  large  optical  non-linearities  and  short  response  time  as  well  as  a 
fundamental  point  of  view  in  the  physics  of  confined  systems  are  the  origin  of  the  large 
amount  of  studies  concerning  semiconductor  quantum  dots.^  The  electron-longitudinal 
optical  (LO)  phonon  coupling  has  been  often  discussed  and  a  lot  of  experimental  work  on 
CdSe  nanoparticles  is  available^  but  little  interest  was  devoted  to  the  spectral  dependence 
of  Raman  scattering.  We  investigated  the  position  of  the  LO  line  with  varying  sizes  and 
with  excitation  wavelengths  between  the  absorption  edge  and  the  first  maximum  of  the 
absorption  spectra.  Low-frequency  Raman  scattering,  was  measured  for  excitation  above 
absorption  edge  to  investigate  acoustic  vibrations.  These  acoustic  modes  of  the  particles 
are  theoretically  well  known,^  so  we  could  link  them  with  the  electronic  excited  levels 
through  resonance  effects. 


2  RESULTS  AND  DISCUSSION 

When  dealing  with  resonance  effects,  it  is  first  necessary  to  know  the  absorption  spectra  of 
the  samples.  They  are  plotted  in  Figure  1.  Two  kinds  of  samples  was  used.  The  first  set 
was  provided  by  A.  I.  Ekimov  and  are  CdSe  samples  with  radii  of  the  particles  varying 
from  18  A  to  38  A  embedded  in  oxide  glass  matrix.  The  other  sample  (RG  630  IG)  was 
provided  by  Schott  Glasswerke.  Its  composition  is  nearly  CdSo.4Seo.6  and  the  radius  of  the 
particles  is  close  to  40  A.  Absorption  spectra  and  all  other  experiments  reported  in  this 
paper  were  obtained  at  room  temperature.  All  the  mean  radii  were  measured  by  small  angle 
x-ray  scattering.  In  the  following,  the  notations  and  theory  to  describe  these  spectra  are 
taken  from  Efros  and  Rodina."^ 

The  Raman  measurements  were  done  under  excitation  with  Argon,  Krypton  and 
Helium-Neon  laser  which  allowed  nine  different  wavelengths  from  blue  to  red.  A  five 
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FIGURE  1  Absorption  spectra  of  the  different  samples.  Vertical  lines  show  positions  of  Argon  and  Krypton 
laser  lines. 


grating  spectrometer  Dilor  Z40  was  used,  and  we  recorded  the  Stokes  and  anti-Stokes  parts 
of  the  signal  at  the  same  time  for  all  spectra  for  better  accuracy  in  peak  positions. 

A  first  set  of  experiments  was  made  on  Ekimov’s  samples  with  the  excitation  vaiying 
from  the  band  edge  to  the  first  maxima  of  the  absorption  spectra  corresponding  to  the 
lS3/2-lSe  transition.  The  LO  phonon  line  and  three  low-frequency  lines  were  observed.  A 
narrow  low-frequency  line,  both  excitation  and  sample  independent,  is  attributed  to 
Brillouin  zone  edge  TA  phonon.  This  line  can  be  seen  when  the  detected  polarization  of 
light  is  parallel  to  the  incident  one.  For  a  given  sample,  the  positions  of  the  three  other 
lines  are  excitation  dependant.  This  effect  was  interpreted  by  assuming  that,  even  at  room 
temperature,  the  absorption  edge  is  partly  due  to  the  size  distribution  inhomogeneous 
broadening.  When  the  excitation  moves  from  the  first  absorption  peak  to  the  absorption 
edge,  the  selected  size  varies  from  the  sample  mean  size  (as  measured  by  SAXS)  to  larger 
sizes.  The  dependence  of  the  position  of  the  first  transition  on  the  radii  of  the  particles  is 
known  from,^  so  we  know  which  size  is  excited.  Thus  we  know  firom^  the  wave  vector  of 
the  LO-phonons  who  contribute  to  the  scattering;  k~Tlja.  where  is  the  radius  of  the 
particle.  The  LO  phonon  dispersion  curve  allows  to  predict  the  position  of  the  LO  peak. 
The  result  are  shown  in  Figure  2.  The  peak  position  is  plotted  as  a  function  of  Il/a.  and  it 
has  been  fitted  by  a  parabola  which  is  a  good  approximation  for  the  long-wavelength  limit. 
The  result  of  the  fit  is  in  good  agreement  with  the  dispersion  curve. ^  We  did  not  observe 
size  excitation  above  the  lS3/2-lSe  transition  because  of  the  overlap  between  the  different 
absorption  peaks. 

For  the  low-frequency  scattering,  in  the  long- wavelength  approximation  and  for 
spherical  particles,  several  acoustical  modes  are  allowed  from  a  group  theory  point  of 
view.^  Their  energy  dependence  follow  the  law:  E  =  ^  where  a  is  the  particle  radius  and 
vl  is  the  longitudinal  sound  speed.  The  different  values  of  S  are  given  in  Table  I  for  CdSe 
nanocrystals. 
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FIGURE  3  Vibration  amplitude  of  the  ellipsoidal  fundamental  and  first  two  harmonics  modes  as  a  function  of 
the  distance  from  the  centre  of  the  particle  (upper  plot).  The  second  plot  represents  the  probability  to  find  the 
electron  at  distance  r  from  the  centre  of  the  particle  for  ISe,  IPe  and  2Se  levels. 


Table  I 


mode 


fundamental 


1st  harmonic 


2nd  harmonic 


EFFECTS  OF  RESONANCE  ON  LOW-FREQUENCY  RAMAN  SCATTERING  [1275]/49 


The  scattering  by  spherical  modes  is  polarized:  it  is  observed  when  the  scattered  and 
incident  polarizations  of  light  are  not  crossed.  The  scattering  by  ellipsoidal  modes  is 
unpolarized. 

The  lowest  frequency  peak  is  plotted  in  Figure  2  as  a  function  of  size.  The 
depolarization  ratio  of  this  peak  is  close  to  0.5  and  its  position  is  well  fitted  with  S  ^  0,9. 
Thus  it  seems  to  be  the  superposition  of  the  fundament^  of  the  spherical  mode  and  the  first 
and  second  harmonics  of  the  ellipsoidal  modes.  A  second  polarized  line  was  found  and  is 
fitted  with  iS  «  1.5,  This  line  arise  from  the  fundamental  and  first  harmonic  of  the  spherical 
mode.  All  these  results  show  the  importance  of  inner  modes  in  resonant  Raman  scattering. 

When  exciting  further  into  the  absorption  band,  different  modes  are  observed.  This  kind 
of  experiment  was  made  with  the  CdSe  sample  whose  radius  is  38  A,  When  exciting  with 
the  Krypton  530,9  nm  and  the  Argon  514,5  nm  laser  lines  an  unpolarized  peak  is  seen 
which  corresponds  to  S  ^  0.6,  and  a  small  polarized  part  with  S  «  0,9,  These  modes  are 
the  first  harmonic  of  the  ellipsoidal  mode  and  the  fundamental  spherical  mode.  With  the 
476.5  nm  Argon  laser  line,  only  the  fundamental  spherical  mode  is  seen.  The  Argon 
488  nm  laser  line  reveal  the  fundamental  spherical  mode  and  the  first  harmonic  of  the 
ellipsoidal  mode.  For  excitation  near  the  band  edge,  the  modes  have  been  described  above. 
To  explain  this  behaviour,  we  have  to  compare  the  shapes  of  the  electron  and  hole 
presence  probability  for  the  resonant  levels  and  the  acoustical  vibration  amplitudes  inside 
the  particle.  Figure  3  shows  these  curves  for  the  three  first  electronic  levels  and  the  first 
harmonics  of  the  ellipsoidal  mode.  The  coupling  is  expected  to  be  important  if  the  electron 
is  located  near  the  points  where  the  vibration  amplitude  is  important.  For  example,  few 
coupling  is  expected  with  the  fundamental  ellipsoidal  mode  who  has  a  maximum  near  the 
surface  where  the  electronic  wave  functions  are  zero.  No  scattering  from  this  mode  has 
been  seen.  Of  course,  the  hole  wave  function  should  be  taken  into  account  to  say  that  no 
scattering  from  this  mode  is  possible.  On  the  other  hand,  a  great  coupling  is  expected 
between  the  first  harmonic  of  the  ellpisoidal  mode  and  the  ISe  and  IPe  levels,  the  three 
associated  curves  having  a  maximum  near  the  same  position.  To  make  this  argument  more 
quantitative,  the  real  resonant  states  should  be  known  with  more  precision  and  excited  with 
a  dye  laser  for  example. 

Another  example  of  the  importance  of  the  excitation  laser  line  is  found  in  the  RG630 
sample  case.  For  CdSe  samples,  no  signal  (LO  or  low-frequency)  was  found  when  exciting 
in  the  gap.  For  RG630,  a  huge  polarized  signal  corresponding  to  the  fundamental  spherical 
mode  was  found  when  exciting  with  the  Krypton  647  and  676  nm  laser  line,  while  the  LO 
peak  was  weak  (647  nm)  or  absent  (676  nm).  The  excitation  seems  to  be  resonant  with 
levels  other  than  those  seen  previously.  Low  temperature  luminescence  experiments  reveal 
a  peak  at  450  cm~^  with  the  676  nm  excitation.  This  peak  is  caused  by  defects  in  the 
particles.  At  room  temperature,  the  red  lines  of  the  kiypton  laser  are  resonant  with  this 
level.  The  defects  are  probably  surface  defects  which  would  explain  their  strong  coupling 
with  the  fundamental  spheric^  mode  which  has  a  maximum  amplitude  at  the  surface.  For 
excitation  inside  the  absorption  band,  the  same  kind  of  spectra  as  for  CdSe  are  obtained. 

3  CONCLUSION 

Resonant  Raman  scattering  seems  to  be  a  very  powerful  tool  to  smdy  vibrations  properties 
in  CdSxSei_x  quantum  dots.  First,  it  is  possible  to  link  the  position  of  the  LO  peak  with  the 
dispersion  curve  of  bulk  crystal.  Second,  different  acoustical  modes  have  been  seen  in  the 
same  particle  when  varying  the  excitation  wavelength  into  the  absorption  structure,  these 
modes  having  different  coupling  with  the  different  electron-hole  pair  states.  A  strong 
coupling  with  defects  states  is  also  possible.  ^ ' 
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NANOCRYSTALLINE  COPPER  DOPED  ZINC  OXIDE 

GAS  SENSORS 
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Samples  of  nanocrystalline  Cu  doped  ZnO  have  been  prepared  and  characterised  by  several  techniques  including 
chemical  analysis,  X-ray  powder  diffraction  and  X-Ray  absorption  spectra  (EXAFS).  The  particle  sizes  are 
typically  less  than  100  A  on  the  largest  diameter.  The  diffraction  results  show  that  lightly  doped  samples,  less  than 
10  mole  per  cent  Cu,  are  single  phase  with  the  ZnO  crystal  structure.  The  EXAFS  results  indicate  that  although 
the  Zn^'*'  ions  occupy  normal  cation  sites  the  Cu^'*’  ions  are  in  highly  disordered  sites,  suggesting  that  there  is 
possible  surface  aggregation.  Gas  sensing  experiments  show  a  good  response  to  low  ppm  concentrations  of 
toluene  vapour. 


Key  words:-  Nanocrystals,  doped  zinc  oxide,  EXAFS,  gas  sensing. 


1  INTRODUCTION 

Nanophase  materials,  systems  in  which  the  particle  size  is  the  order  of  nanometres,  are  the 
subject  of  intense  current  research  activity.  The  interest  arises  from  the  fact  that  the 
physical  and  chemical  behaviour  of  these  materials  can  be  very  different  from  then- 
normal,  larger  dimensioned  parents.  Examples  of  properties  that  are  altered  include  the 
electrical,  magnetic,  optical  and  mechanical  characteristics  and  some  applications  of 
nanostructured  materials  include  improved  catalysts,  malleable  ceramics,  harder  metals, 
and  ferrofluids.  The  origin  of  these  properties  is  believed  to  be  related  to  the  presence  of 
large  area,  disordered  interfaces  that  may  constitute  up  to  50%  by  volume  of  the  sample. 
However,  the  physical  understanding  of  the  modification  of  these  properties  and  sample 
characterisation  considerably  lags  behind  the  synthetic  chemistry  of  these  materials.  Our 
particular  interest  is  the  potentially  enhanced  gas-sensing  capabilities  of  nanocrystalline 
semiconducting  metal  oxides;  advantages  enhanced  by  the  low  temperature  fabrication 
techniques  and  high  proportion  of  grain  boundaries. 

In  recent  work^  we  have  prepared  gas  sensors  from  nanocrystalline  zinc  oxide  (ZnO) 
and  characterised  the  material  by  X-ray  powder  diffraction  (XRPD),  transmission  electron 
microscopy  (TEM)  and  extended  X-ray  absorption  fine  structure  (EXAFS).  Crystals  of 
ZnO  were  produced  with  the  hexagonal  wurtzite  structure  with  typical  dimensions  of 
approximately  50  A  in  the  100  direction  and  30  A  in  the  002  direction.  The  Zn  K-edge 
EXAFS  indicated  reduced  coordination  numbers  beyond  the  first  shell,  consistent  with  the 
particle  size,  i.e.  the  first  cation  shell  contained  ~  8  Zn  ions  compared  to  12  in  the  bulk 
material.  We  are  now  extending  these  studies  to  cation  doped  metal  oxides  with  the  aim  of 
altering  the  electrical,  and  hence  gas  sensing,  properties  and  we  are  using  the  same  range 
of  characterisation  techniques.  In  this  contribution  we  will  focus  on  the  synthesis  and 
properties  of  copper  (Cu)  doped  ZnO. 
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FIGURE  1  Fourier  transforms  of  the  EXAFS  of  3  mole  per  cent  Cu  doped  nanocrystalline  ZnO;  Zn 
K-edge( . )and  Cu  K-edge( _ ). 


2  EXPERIMENTAL 

2.1  Materials 

Samples  of  nanocrystalline  ZnO  can  be  prepared  by  reacting  the  basic  chlorides  with  n- 
butylamine.^’^  The  basic  chloride,  /?-Zn(OH)Cl  is  prepared  by  slow  evaporation  of  a 
solution  of  ZnO(0.5  g)  in  15  ml  of  1 1  M  aqueous  ZnCh  solution  at  80°C.  We  have  found^ 
that  by  adding  other  metal  chlorides  (e.g.  copper  and  nickel  chloride)  to  the  ZnCl2  in  this 
first  stage  will  yield  ZnO  samples  that  are  appropriately  cation  doped.  The  level  of  doping 
in  the  final  oxide  is  similar  to  that  in  the  ZnCl2  solution,  for  example  a  5  mole  per  cent 
addition  of  CuCl2  yielded  ZnO  that  was  3  mole  per  cent  Cu  doped  (as  determined  by 
atomic  absorption  spectroscopy). 

2.2  XRPD 

XRPD  patterns  were  collected  to  test  the  phase  purity  and  the  particle  sizes  of  the  crystals. 
Samples  of  nominally  5  and  10  mole  per  cent  Cu  doped  ZnO  showed  only  peaks 
corresponding  to  ZnO.  The  peaks  were  considerably  broadened  and  an  analysis  of  the 
widths  using  the  Scherrer  formula  indicated  that  the  nanocrystals  were  asymmetric  with 
dimensions  ~  80  A  in  the  100  direction  and  ~  50  A  in  the  002  direction  for  both  doping 
levels. 
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FIGURE  2  The  Fourier  transforms  of  Cu  K-edge  EXAFS;  bulk  CuO  ( . )  and  nanocrystalline  Cu  doped 

ZnO  ( _ ). 


2.3  EXAFS 

Zn  and  Cu  K-edge  EXAFS  data  were  collected  on  station  7.1  at  the  EPSRC  Daresbury 
Synchrotron  Radiation  Source  (SRS)  using  transmission  mode  at  room  temperature.  The 
radiation  was  monochromated  by  a  Si(lll)  two  crystal  order-sorting  monochromator  to 
give  rejection  of  harmonic  component^.  Spectra  were  recorded  up  to  1000  eV  beyond  the 
absorption  edge  (i.e.  to  ^  =  16  A  ).  The  samples  were  prepared  by  pressing  the 
powdered  samples  with  a  diluent  (boron  nitride  or  polythene).  The  data  reduction  and 
analysis  were  performed  with  the  Daresbury  suite  of  EXAFS  programmer,^  EXCALIB, 
EXBACK  and  EXCURV92.  Bulk  ZnO  and  CuO  were  used  as  model  compounds.  The 
quantitative  fitting  of  the  data  utilised  the  phase  shifts  calculated  and  the  non-linear  least- 
squares  fitting  routines  within  EXCURV92. 

2.4  Gas  Sensing 

Sensors  were  fabricated  by  a  solvent  evaporation  method  onto  alumina  substrates  fitted 
with  gold  electrodes  and  a  platinum  heater  (Rosemount  Ltd,  Bognor  Regis,  UK).  These 
were  mounted  in  a  testing  rig  consisting  of  either  cylinder  gases,  the  concentrations  of 
which  could  be  controlled  using  mass  flow  controllers,  or  a  toluene  permeation  system 
where  a  steady  flow  of  air  over  a  toluene  permeation  vial  maintained  in  a  water  bath  at 
30°C  could  be  blended  with  variable  flows  of  clean  air  which,  after  suitable  calibration, 
could  provide  a  range  of  toluene  concentrations.  All  control  and  data  acquisition  functions 
were  handled  by  a  PC  with  suitable  interfaces. 
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FIGURE  3  Response  of  nanocrystalline  0.14  mole  per  cent  Cu  doped  ZnO  sensor  to  toluene.  The  solid  line  is 
the  response  at  200°C  and  the  dotted  line  the  response  at  400°C.  The  vertical  dashed  line  represents  the  input  of 
test  gas,  the  numbers  being  the  ppm  of  toluene  in  air.  The  vertical  chain  lines  represent  the  input  of  clean  air. 


3  RESULTS  AND  DISCUSSION 

The  structural  results  for  a  3  mole  per  cent  Cu  doped  sample  will  be  discussed  in  detail  as 
they  are  representative  of  all  samples  with  nominal  dopings  up  to  10  mole  per  cent  Cu.  The 
Fourier  transform  of  the  Zn  K-edge  EXAFS  is  plotted  in  Figure  1  and  it  is  similar  to  the 
corresponding  plot^  for  nanocrystalline,  pure  ZnO.  There  are  distinguishable  peaks  out  to 
at  least  8  A  at  the  same  radial  distances  observed  in  bulk  ZnO,  however  the  intensities  of 
all  but  the  first  peak  are  considerably  reduced.  The  best  fit  model  indicates  the  first  two 
peaks  are  due  to  4  O  atoms  (1.96  A)  and  10.1  Zn  atoms  (3.23  A).  For  pure,  bulk  ZnO  the 
EXAFS  data  agree  well^  with  the  diffraction  data  with  4  O  atoms  (1.96  A)  and  12  Zn 
atoms  (3.24  A).  The  reduction  in  the  Zn-Zn  coordination  number  in  the  present  sample  is 
consistent  with  the  size  of  the  nanocrystals. 

The  Fourier  transform  of  the  Cu  K-edge  EXAFS  results  for  the  3  mole  per  cent  Cu 
doped  ZnO  is  shown  in  Figures  1  and  2.  In  contrast  to  the  Zn  EXAFS  there  are  no  major 
peaks  beyond  the  first  peak.  The  best  fit  model  indicates  this  peak  is  due  to  3.9  O  atoms 
(1.97  A).  For  comparison  the  Cu  K-edge  EXAFS  for  pure,  bulk  CuO  is  also  plotted  in 
Figure  2  and  the  best  fit  model  for  these  data  is  4  O  atoms  (1.95  A),  2  O  atoms  (2.79  A), 

4  Cu  atoms  (2.92  A)  and  4  Cu  atoms  (3.11  A);  parameters  which  are  close  to  the 
diffraction  data.^ 

The  striking  feature  of  Figures  1  and  2  is  the  presence  of  only  one  peak  in  the  Cu 
EXAFS  of  the  nanocrystals.  The  fit  of  this  peak  to  ^  4  O  atoms  at  1 .97  A  is  consistent 
with  Cu  present  as  Cu^+,  as  is  the  absence  of  the  distinctive  pre-edge  feature  from  Cu"*"  in 
the  raw  EXAFS^.  The  absence  of  peaks  due  to  Cu-cation  shells  is  not  due  to  particle  size 


NANOCRYSTALLINE  COPPER  DOPED  ZINC  OXIDE  GAS  SENSORS 


[1281]/55 


as  the  two  Cu  peaks  (at  2.92  and  3. 1 1  A  in  bulk  CuO  are  only  slightly  reduced  in  intensity 
in  the  EXAFS  of  60  A  diameter  nanocrystals  of  CuO.'^  Possible  explanations^®  of  reduced 
peak  intensity  in  the  EXAFS  Fourier  transform  are  atoms  in  disordered  sites  or  at  surface 
regions.  Currently  we  favour  the  latter  explanation,  which  is  supported  by  parallel 
studies  of  Ni  doped  nanocrystalline  ZnO  where  the  Ni  K-edge  EXAFS  exhibits  a  distinct 
peak  due  to  a  shell  of  cations. 

The  response  of  a  0,14  mole  per  cent  Cu  doped  ZnO  nanocrystalline  sample  to  low 
levels  of  toluene  in  air  is  shown  in  Figure  3.  The  sensor  was  subjected  to  two  minute 
pulses  of  polluted  air  followed  by  two  minute  pulses  of  clean  air.  The  toluene 
concentration  was  at  levels  of  1,  3,  5,  7  and  9  ppm.  It  can  be  seen  that  at  200°C  the 
response  increases  almost  linearly  with  toluene  concentration  but  the  response  time  (i.e. 
the  time  for  the  current  to  reach  equilibrium  values)  is  slow,  around  60  s.  At  400° C  the 
response  is  much  faster  although  there  is  evidence  of  saturation  at  the  higher 
concentrations;  the  responses  at  7  and  9  ppm  toluene  are  almost  the  same  magnitude. 
The  effect  of  dopant  concentration  on  response  and  the  optimisation  of  the  temperature  is 
currently  under  investigation. 


4  CONCLUSIONS 

We  have  shown  that  nanocrystalline  ZnO  can  be  prepared  with  addition  of  Cu^+  ions  up  to 
a  concentration  around  10  mole  per  cent  and  that  these  dopant  ions  are  in  highly  disordered 
sites,  probably  in  the  surface  regions  of  the  nanocrystals. 
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CLUSTERING  IN  NaChPb 

K.  POLAK,  M,  NIKL  and  K.  NITSCH 
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Absorption  and  emission  spectra  of  impurity  clusters  and  precipitates  in  NaCliPb  have  been  measured.  The  results 
from  emission  kinetics  measurements  reveal  a  complicated  behaviour  in  the  330  nm  band  usually  ascribed  to 
PbCl2 — like  phase.  The  band  with  a  maximum  at  380  nm  appears  in  the  emission  spectrum  of  this  crystal  after 
fast  quenching  from  500°C  to  RT.  The  corresponding  lifetime  is  close  to  the  value  of  isolated  lead  centres.  We 
suggest  that  it  belongs  to  small  lead  clusters  with  NaCl  structure. 

Key  words:  alkali  halides,  precipitates,  absorption,  luminescence,  emission  kinetics. 


1  INTRODUCTION 

The  fonnation  of  a  foreign  phase  in  doped  alkali  halide  crystals  was  an  unwanted 
phenomenon  for  a  long  time.  The  presence  of  aggregates  was  usually  an  obstacle  in  the 
precise  investigation  of  isolated  impurity  optical  properties.  The  NaCl  crystal  is  a  matrix 
with  a  very  strong  inclination  to  formation  of  aggregates  and  precipitates.  At  present  the 
interest  turns  much  more  to  the  study  of  optical  properties  of  small  foreign  phase 
inclusions  usually  called  micro-  or  nanocrystals. 

The  published  emission  spectra  of  NaCliPb  crystals  with  a  low  concentration  of  lead  (a 
few  tens  ppm)  consists  of  two  main  bands  peaking  at  310  and  380  nm,  respectively.  The 
first  one  is  attributed  to  isolated  lead-vacancy  dipoles  (the  simplest  defect  centre  of 
divalent  impurity  in  alkali  halide  crystals).  The  second  one  has  been  ascribed  to  Pb^'*'  small 
clusters  with  some  doubts  about  their  size  (R.  Capelletti  et  al}  ascribed  the  380  nm 
emission  to  lead  dimers,  P.  Aceituno  et  al?  assigned  it  to  isolated  lead  ions  perturbed  by 
some  other  divalent  impurity,  F.  Cusso  et  al?  ascribed  it  to  the  second  JT  minima  on  the 
APES  of  the  ^Tiu  level  etc.). 

We  have  given  our  attention  to  NaCl  crystal  doped  with  divalent  lead  as  some  previous 
results  indicated  the  formation  of  PbCl2  “  like  phase  in  it."^’^  The  purpose  of  this  work  is  to 
provide  an  additional  insight  in  the  origin  of  the  380  nm  emission  and  allow  us  to  give  an 
answer  on  the  question  whether  small  precipitates  emit  in  the  same  region  as  well. 


2  EXPERIMENTAL 

NaCl  crystals  with  different  concentrations  of  lead  (0.5  x  10“^,  1  x  10“^  and  20  x  10“^ 
mol/mol)  have  been  grown  in  our  technological  laboratory  either  by  the  Stockbarger/ 
Bridgman  method  (the  first  one)  or  by  the  Kyropoulos  method  in  an  argon  protective 
atmosphere  (the  other  two).  All  the  crystals  were  stored  at  room  temperature  for  a  long 
time.  The  last  two  as  received  crystals  are  milky  as  a  result  of  large  precipitates.  The 
polycrystalline  PbCla  layer  was  prepared  by  evaporation  of  a  small  piece  of  PbCl2  crystal 
on  a  NaCl  substrate. 

Absorption  spectra  at  different  temperatures  were  obtained  with  a  spectrometer  Specord 
M40  of  Zeiss  Jena.  Luminescence  spectra  and  emission  kinetics  were  measured  at  low 
temperatures  with  a  modified  Edinburgh  spectrofluorometer  model  199. 
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FIGURE  1  Absorption  spectra  of  stored  NaCLPb  (0.05  mol%)-solid  line,  NaCl:Pb  (0.1  mol%)-dotted  line, 
PbCl2  film  on  NaCl  crystal-dashed  line  in  A  band  spectral  region. 


The  samples  from  the  crystals  were  cleaved.  The  annealing  was  performed  in  a  furnace 
using  a  closed  evacuated  ampoule  allowing  the  fast  quenching  to  room  temperature. 


3  RESULTS  AND  DISCUSSION 

The  absorption  of  as-received  and  long  stored  NaChPb  crystals  (both  lower  concentration 
investigated  by  us)  shows  the  already  known  absorption  in  A-band  region.  The  band  shape 
at  RT  is  asymmetric  and  its  course  is  very  similar  to  the  absorption  of  a  PbCl2  thin  film 
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FIGURE  2  Decay  of  332  nm  emission  of  stored  NaCbPb  (0.1  mol%).  The  solid  line  is  the  best  fit  by  a  sum  of 
three  gaussians  with  ri  =  56  /isec,  r2  =  217  /xsec  and  rs  =  1.1  msec. 
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3  Temperature  dependence  of  the  decay  curve  of  the  370  nm  emission  for  quenched  NaCl:Pb  (0.1 
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(Figure  1).  By  the  decomposition  of  the  absorption  spectrum  belonging  to  NaCliPb 
(0.05  mol%)  we  have  found  three  components  around  the  spectral  position  of  A  band 
(Table  I). 


Table  I 

Gaussian  components  of  the  absorption  in  A  band  region  of  longtime  stored  NaChPb  (0.05  mol%)  crystal  (RT) 


Peak  position 

Halfwidth 

[1000  cm-^] 

[cm-^] 

36.57 

990 

35.02 

700 

37.25 

665 

33.90 

930 

The  A  band  is  followed  by  fast  increasing  absorption  on  the  high  energy  side.  This  is 
due  to  the  existence  of  large  precipitates  in  the  crystals.  By  the  comparison  with  the 
published  absorption  spectra  for  390A  and  460A  radius  of  PbCl2  spheres^  we  can  estimate 
the  size  of  our  aggregates  to  similar  values  i.e.  some  tens  of  nanometers.  In  such  large 
aggregates  the  behaviour  of  an  exciton  will  be  close  to  that  in  a  bulk  crystal.  Therefore,  we 
can  expect  optical  properties  similar  to  those  of  the  Frenkel  exciton  in  a  PbCl2  crystal.^ 
This  is  true  for  the  steady  state  luminescence  spectra  where  two  main  emission  bands 
peaking  at  330  and  410  nm  were  observed.  The  kinetics  of  the  330  nm  emission  is  much 
more  complicated  then  for  pure  bulk  PbC^  crystal  (Figure  2).  We  have  found  three 
components  in  the  mentioned  emission  with  the  lifetimes  equal  to  57  //sec,  217  //sec  and 
1.1  msec.  As  the  slowest  component  is  only  a  small  part  of  the  integrated  intensity  we 
assume  that  it  comes  from  some  number  of  isolated  lead  centres  existing  even  in  the  stored 
crystals.  The  faster  components  could  be  connected  with  small  microcrystals  of  PbCl2  - 
like  phase  where  the  size  has  yet  the  influence  on  the  decay  characteristics. 

After  the  crystal  quenching  the  emission  spectrum  changes  considerably.  We  have 
observed  two  main  bands  peaking  at  312  and  378  nm  with  the  second  one  dominating. 
There  are  two  other  weak  bands  which  spectral  position  coincide  with  the  mentioned 
bands  of  PbCl2  bulk  crystal  observed  at  LHeT.  The  emission  band  peaking  at  378  nm 
persists  with  relatively  high  intensity  up  to  room  temperature.  The  corresponding  kinetics 
can  be  well  described  by  a  single  exponential  with  r  ^  4  msec  at  LHeT.  The  temperature 
dependence  of  the  decay  curve  up  to  100  K  is  shown  in  Figure  3.  The  shortening  of  this 
decay  starts  above  50  K,  but  the  corresponding  amplitude  increases.  This  fact  is  displayed 
by  the  very  slow  decrease  of  its  intensity.  The  probable  origin  of  this  band  is  the  presence 
of  very  small  clusters  of  Pb^+  with  sodium  chloride  structure.  The  second  band  peaking  at 
312  nm  at  LHeT  belongs  probably  both  to  these  clusters  and  isolated  dipoles  consisting  of 
divalent  lead  and  a  cation  vacancy.  The  origin  of  378  band  would  be  the  second  JT 
minimum  of  the  adiabatic  potential  energy  surface  of  ^Tiu  term  in  agreement  with  the 
results  published  previously.^ 

The  annealing  of  the  quenched  crystal  at  200°C  for  1/2  hour  enhanced  the  intensity  of 
312  nm  emission  and  reduced  the  intensity  of  378  nm  emission.  This  could  be  explained 
by  the  creation  of  larger  precipitates  from  small  clusters  while  the  concentration  of  isolated 
dipoles  remains  nearly  constant. 

We  have  shown  some  interesting  properties  of  impurity  clusters  and  a  foreign  phase 
arising  in  sodium  chloride  crystal  with  a  higher  concentration  of  divalent  lead.  The  great 
variety  of  the  observed  optical  properties  could  be  connected  with  the  fact  that  in  the 
excited  states  of  Pb^"^  the  dynamical  Jahn-Teller  effect  plays  a  significant  role. 
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OPTICAL  STUDY  OF  THE  PHASE  SEPARATION  IN 
ALKALI  HALIDE  SOLID  SOLUTIONS 


MASAMI INABA  and  SATOSHI  HASHIMOTO 

Department  of  Physics,  Kyoto  University  of  Education,  Fukakusa,  Fushimi-ku, 

Kyoto  612,  Japan 

Thin  crystals  of  Nai_xKxI:Tl"''  solid  solutions  with  thicknesses  of  0.1  10  /xm  have  been  produced  and  their 

phase  separation  has  been  observed  in  both  regions  of  the  exciton  band  and  Tl''’  impurity  band.  An  intermediate 
band  of 'Tl'*'  was  recognized  in  the  absorption  spectrum  of  Nao  sKo.sI'Tl^.  A  precursor  phenomenon  was  found  as 
a  temporal  change  of  the  intensity  ratio  of  two  Tl"*'  emission  bands. 


1  INTRODUCTION 

Microscopic  mechanism  of  the  phase  separation  occurring  in  alkali  halide  solid  solutions 
has  not  been  studied  at  all  because  they  become  to  be  opaque  after  the  phase  separation. 
The  opacity  is  caused  by  a  mesoscopic  multi-domain  structure.  In  order  to  study  the  phase 
separation  optically,  thin  Nai_xKxI  crystals  with  thicknesses  of  0.1  ~  10  ^m  were  grown 
from  the  melt.  This  system  having  9.3%  lattice  misfit  is  decomposed  at  around  240° C 
when  the  crystals  are  cooled  down  in  the  quasi-static  process.^ 

Since  the  thin  crystals  were  cooled  veiy  rapidly  they  can  be  kept  in  non-equilibrium 
solid  solutions  for  a  long  time.  The  crystals  contain  about  0.1  mole  %  T1+  which  can  be 
expected  to  be  a  ‘micro-probe’  for  the  phase  separation  when  the  ion  substitutes  for  an 
alkali  ion  in  the  solid  solutions. 


2  EXPERIMENTAL 

Details  and  applications  of  the  melt-growth  of  thin  crystals  have  already  been  reported^ 
and  are  not  mentioned  here.  The  sample  specimens  were  kept  in  vacuum  at  room 
temperature.  When  optical  measurement  was  made,  the  sample  was  mounted  on  the  copper 
holder  of  a  conduction-type  cryostat,  and  cooled  to  11  K  by  a  closed-cycle  cryogenic 
refrigerator. 


3  RESULTS  AND  DISCUSSION 

Figure  1  shows  reflection  spectra  of  the  lowest  exciton  of  a  thin  Nao.5Ko.5l-TU  crystal.  Just 
after  the  preparation,  a  single  exciton  band  can  be  seen  on  the  curve  a.  After  several  days, 
two  bands  appeared  at  5.61  eV  and  5.80  eV,  as  shown  on  the  curve  b,  corresponding  to 
Nal-rich  and  Kl-rich  phases,  respectively.  Curves  b  and  c  were  measured  in  the  midst  of 
and  after  the  separation.  Similar  changes  were  also  observed  in  the  undoped  samples. 

A-bands  of  Nao.sKo.sLTU  are  indicated  in  Figure  2,  where  three  steps  of  measurements 
correspond  to  those  of  Figure  1 .  Curve  a  shows  a  broad  A-band  in  the  solid  solution.  In  the 
midst  of  the  phase  separation,  three  bands  appeared  on  the  curve  b.  The  central  peak 
decreased  with  increase  of  the  outer  two  bands  with  lapse  of  the  time.  The  two  bands 
locate  almost  same  positions  of  A-bands  of  NaI:TU  and  KIiTl'^  from  lower  energy  side. 
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FIGURE  2  A-absorption  bands  of  TU  of  the  thin  Nao.sKo.sLTl'^  crystal,  where  three  steps  of  measurements  are 
corresponded  to  that  of  Figure  1 . 


After  the  separation  in  curve  c,  a  large  difference  in  intensity  between  them  is  consistent 
with  the  fact  that  T1+ -molar  extinction  coefficient  in  KI  is  about  10  times  as  large  as  that  in 
Nal. 

Two  emission  bands,  At  at  higher  energy  and  Ax  at  lower  energy,  induced  by  the 
excitation  at  coinciding  energy  with  A-bands  are  also  shown  in  Figure  3.  The  measurement 
steps  (a,  d,  f)  in  this  figure  correspond  to  steps  (a,  b,  c)  of  Figures  1  and  2.  Intensity  ratio 
Ax/ At  of  the  solid  solution  is  more  than  10  times  larger  than  that  of  pure  KI  and  Nal 
crystals.  The  ratio  increased  gradually  for  several  days  in  curves  b  and  c,  and  then 
decreased  with  accompanying  discontinuous  energy  shift  when  the  separation  begins  to 
occur  in  curve  d. 

The  intermediate  A-band  shown  in  curve  b  of  Figure  2  suggests  that  a  specific  state  of 
Tl"^  exists  in  the  midst  of  the  phase  separation.  Increase  of  the  ratio  Ax/At  means 
lowering  of  the  symmetry  of  ligand  configuration,^  and  the  change  observed  before  the 
phase  separation  in  curves  b  and  c  of  Figure  3  is  regarded  as  a  precursor  phenomenon. 
There  are  many  problems  which  must  be  clarified  to  make  clear  the  mechanism.  We  plan 
experiments  for  determination  of  the  domain  size. 
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FIGURE  3  Emission  spectra  under  excitation  of  A-bands  of  Tl*^.  Measurements  were  done  from  curve  a  to  f 
with  the  laps  of  time.  Measurement  steps  (a,  d,  f)  here  are  corresponded  to  steps  (a,  b,  c)  of  Figure  1  and  2. 
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METALLIC  Na  FORMATION  IN  NaCl  CRYSTALS  BY 
ELECTRON  AND  VUV  PHOTON  IRRADIATION 
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Metallic  Na  was  formed  on  crystal  surfaces  of  NaCl  with  irradiation  by  electron  beams  of  low  energy 
(10— 30KeV)  or  photon  fluxes  in  the  VUV  region  and  was  evaluated  with  AES  and  UPS.  The  states  of  Na 
formed  in  or  on  NaCl  crystals  with  irradiation  of  high  (21  MeV)  and  low  energy  electrons  and  VUV  photons  are 
discussed  comparing  the  results  from  different  analysis  methods. 

Key  words:  radiation  effects,  metallic  Na,  VUV,  AES. 


1  INTRODUCTION 

At  ICDIM  1992,  we  reported  that  due  to  aggregation  of  F  centers  after  dense  irradiation  of 
21  MeV  electron  pulses  from  a  linac,  metallic  Na  particles  in  NaCl  single  crystal  were 
formed.  This  was  established  using  optical  absorption  and  positron  annihilation  lifetime 
measurements.^  However,  metallic  Na  was  not  detected  in  the  crystals  by  X  ray 
photoelectron  spectroscopy  (XPS).  We  proposed  that  the  particle  size  was  too  small  and 
the  density  was  too  low  due  to  a  uniform  distribution  in  the  bulk. 

In  this  paper,  NaCl  crystals  are  irradiated  with  electrons  of  low  energy  (30-10  KeV)  or 
with  photons  in  the  vacuum  ultraviolet  (VUV)  region  from  synchrotron  radiation  (SR).  In 
both  cases,  metallic  Na  is  formed  on  the  crystal  surface  as  determined  by  Auger  electron 
spectroscopy  (AES)  and  UV  photoelectron  spectroscopy  (UPS).  The  results  are  compared 
with  those  using  high  energy  electrons. 


2  EXPERIMENTS 

Sodium  chloride  crystals,  cleaved  in  Ar  gas,  were  installed  in  a  XPS  apparatus  (Vacuum 
Generator  microlab  Mk3)  in  which  a  pressure  of  3  x  10“^  Torr  was  maintained  during 
electron  irradiation.  The  cleavage  surface  was  scanned  within  the  region  of  2  x  2  pup-  by  a 
thin  focused  electron  beam  (30  KeV,  1.6  pA)  from  a  high  luminosity  gun  of  LaBg  for 
AES. 

The  results  of  AES  near  Na  KLL  peaks  are  shown  in  Figure  1  with  curve  fits.  In  Figure 
1(a)  obtained  at  the  initial  stage  of  the  measurements,  there  is  a  single  peak  corresponding 
to  KLL  Auger  line  of  ionic  Na  (peak  (1)  at  978  eV).  In  Figure  1(b)  of  the  spectrum  after 
the  electron  irradiation  for  10  min.,  a  new  peak  (2)  appears  at  4-5  eV  higher  energy  than 
that  of  ionic  Na.  The  kinetic  energy  of  the  new  peak  corresponds  to  that  of  metallic  Na.^’^ 
It  is  important  to  note  that  this  peak  was  not  observed  in  a  sample  irradiated  with  21  MeV 
electrons  from  a  linac. 

With  the  higher  current  or  longer  irradiation  time,  the  peak  of  ionic  Na  shifted  to 
981  eV  and  the  new  peak  also  shifted  8  eV  to  the  higher  energy  side  than  that  of  ionic  Na. 
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FIGURE  1  Auger  electron  spectra  of  a  region  near  Na  KLL  in  NaCI  crystals: 

(a)  before  irradiation,  (b)  after  irradiation  of  electrons  of  30  KeV,  and  (c)  after  the  longer  irradiation.  Peak  (1); 
ionic  Na,  (2);  metallic  Na  and  (3);  atomic  Na.  Smooth  curves  are  calculated  fitting  curves. 
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FIGURE  2  Photoelectron  spectroscopy  of  a  region  of  near  Na  2p  in  NaCl  powdered  crystals: 

(a)  before  exposure,  and  (b)  after  exposure  to  VUV  of  SR  for  30  min..  Peak  (1);  ionic  Na,  (2);  metallic  Na,  (3); 
bulk  plasmon  loss  from  metallic  Na.  Smooth  curves  are  calculated  fitting  curves. 


Moreover,  another  broad  peak  (3)  was  observed  on  the  lower  energy  side  as  shown  in 
Figure  1  (c)  and  it  seems  to  correspond  to  isolated  atomic  Na,  because  of  the  kinetic  energy 
of  KLL  of  Na  vapor,  977  eV.^ 

As  another  radiation  sources  for  metal  formation  on  NaCl  surface  and  an  analysis 
method,  intense  photon  fluxes  in  the  VUV  region  of  SR  and  UPS  were  used  at  the  UVSOR 
facility  in  Institute  for  Molecular  Science,  Japan. ^  The  irradiation  was  performed  on 
powdered  crystals  of  NaCl  with  a  photon  flux  diameter  of  1  mm  of  white  light  (0  order 
light  of  grating  monochromator);  the  analyzing  light  was  monochromatic  at  100  or  130  eV 
at  Beam  Line  6A2. 

The  peak  analysis  near  the  Na  2p  line  by  UPS  of  a  sample  before  and  after  VUV 
irradiation  for  30  min.  is  shown  in  Figure  2(a)  and  (b).  Peak  (2)  in  Figure  2(b)  is  consistent 
with  metallic  Na  and  peak  (3),  with  a  satellite  due  to  plasmon  loss  from  metallic  Na 
(energy  of  bulk  plasmon;  5.8  eV,  energy  of  surface  plasmon;  4.1  eV).^  In  the  UPS  vacuum 
system,  electrons  of  10  KeV  were  used  for  irradiation  and  the  surfaces  were  analyzed  by 
UPS  for  comparison  of  radiation  effects  between  VUV  photons  and  electrons  of  low 
energy.  The  former  appears  to  be  more  effective  than  the  latter,  though  it  is  difficult  to 
compare  the  two  flux  intensities. 


3  DISCUSSION 

It  is  easily  found  from  the  broadening  of  the  ionic  Na  KLL  peak  in  AES  that  irradiation  of 
high  currents  of  low  energy  electrons  damage  NaCl  crystal  surfaces.  As  one  of  the  results, 
formation  of  metallic  Na  was  confirmed  with  separation  of  the  metallic  peak  from  the  ionic 
peak.  With  further  exposure  to  electrons,  the  metallic  peak  shift  to  8  eV  on  the  higher 
energy  side  than  that  of  ionic  Na  and  neutral  Na  (vapor  state)  was  observed  during 
irradiation. 
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The  line  broadening  and  shift  of  the  Na  2p  peak  in  UPS  shows  that  the  irradiation  by 
VUV  photon  produces  similar  radiation  damage  to  that  of  low  energy.  Exposure  of  NaCl 
to  VUV  may  be  a  more  effective  method  to  create  metallic  Na  than  by  electron.  The 
observation  of  the  bulk  plasmon  loss  peak  in  a  sample  after  VUV  exposure  of  30  min. 
means  that  there  is  metallic  layer  of  thickness  sufficient  to  produce  the  bulk  plasmon. 
Irradiation  by  21  MeV  electron  creates  only  particles  of  metallic  Na  with  a  size  on  the 
order  of  10  nrn  and  a  bulk  mole  fraction  less  than  10~^  estimated  from  the  optical 
absorption. 

Dense  metal  formation  due  to  surface  damage  in  high  vacuum  seems  to  depend  on  that 
fact  that  Cl  ions  (H  center)  can  escape  from  the  surface  more  easily  than  aggregation  of 
F  centers  which  is  competitive  with  recombination  of  Frenkel  pairs  in  the  bulk. 
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NANO-STRUCTURES  AND  QUANTUM  SIZE  EFFECTS 
IN  HEAVILY  IRRADIATED  NaCl 
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Sodium  particles  in  heavily  irradiated  synthetic  doped  NaCl  and  natural  rocksalt  have  been  studied  by  electron 
spin  resonance  (ESR),  differential  scanning  colorimetry  (DSC)  and  dielectric  loss  measurements.  For  the  first  time 
we  have  studied  quantum  size  effects  of  Na  colloids  in  irradiated  NaCl  at  different  temperatures  between  140  K 
and  30  K.  A  weak  temperature  dependence  of  the  electronic  susceptibility  of  these  particles  is  observed,  that 
deviates  from  the  simple  metallic  behaviour  and  may  be  due  to  interactions  in  the  system.  The  magnetic  properties 
of  sodium  particles  in  heavily  damaged  NaCl  (3-15  mole  %  metallic  Na)  measured  by  ESR  below  160  K  might  be 
associated  with  antiferromagnetic  interactions  between  the  extremely  small  colloids,  which  suggests  a  transition  to 
a  spin  density  or  charge  density  wave  ground  state;  this  is  in  agreement  with  the  observation  of  an  anomalous 
peak  in  the  AC  conductivity  at  about  150  K. 

Key  words:  sodium  particles,  magnetic  properties,  AC  conductivity. 


1  INTRODUCTION 

We  have  investigated  doped  NaCl,  containing  nano-precipitates  of  sodium,  with 
concentrations  between  0  and  15%.  We  report  the  ESR  and  preliminary  dielectric  loss 
studies  on  sodium  nano-structures  in  heavily  irradiated  NaCl.  The  temperature  dependence 
of  the  spin  susceptibility  of  sodium  particles  shows  a  broad  maximum  of  the  ESR  intensity 
as  a  function  of  T  at  about  160  K  and  an  anomalously  decreasing  linewidth  with  increasing 
temperature  in  the  same  range  of  temperatures.  This  corresponds  with  a  peak  in  the  AC 
conductivity  at  same  temperature. 


2  RESULTS 

Absorption  and  dispersion  ESR  signals  of  sodium  particles  have  been  measured.  The 
g-value  was  found  to  be  2.0012  ±  0.0002.  Depending  on  the  irradiation  conditions  the 
peak  to  peak  ESR  linewidth  was  observed  to  vary  between  17  Gauss  and  120  Gauss  at  RT. 
The  ESR  linewidth  of  the  sodium  particles  of  120  Gauss  has  been  associated  with  presence 
of  ultrafine  sodium  particle  in  “low” -damaged  crystals  (latent  heat  of  melting  of 
Na  <  0.1  J/g).  We  have  observed  a  stepwise  change  of  the  linewidth  and  intensity  at  RT 
as  function  of  dose  and  irradiation  temperature  which  is  connected  with  a  rapid  growth  of 
sodium  precipitates  and  the  development  of  fractal  nano-structures.  The  temperature 
dependence  of  the  ESR  linewidth  and  the  doubly  integrated  intensity  (i.e.  x”-the 
imaginary  part  of  the  magnetic  susceptibility)  of  the  sodium  particles  has  been  measured 
between  4  and  300  K.  The  “low” -damaged  crystals,  containing  ultrafine  colloids,  show 
anomalous  Curie  paramagnetism  expected  for  small  odd  particles  (Figure  la).  For  the  first 
time  in  irradiated  NaCl  with  0.15  J/g  <  latent  heat  of  melting  of  Na  <  0.5  J/g  we  have 
studied  quantum  size  effects  (QSE)  of  the  discreteness  of  the  electronic  levels  of  the 
sodium  particles,  modulated  slightly  by  inter-precipitate  interactions  at  160  K.  Figure  lb 
shows  a  cross-over  at  60  K,  where  for  T  <  60  K  the  paramagnetic  susceptibility  of  sodium 
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Temperature  (K) 


FIGURE  1  The  temperature  dependence  of  the  doubly  integrated  intensity  and  ESR  linewidth  in  K  doped  NaCl, 
(a)  Curie  type  paramagnetism  of  the  small  odd  sodium  clusters,  (b)  the  quantum  size  effect,  i.e.  the  Pauli-Curie 
transition,  is  clearly  present  at  60  K. 
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particles  follows  the  Curie  law  (x''  odd  oc  1/T,  KbT  <  A)  and  becomes  quasi-Pauli 
(X  ~  XPauii,  kfiT  >  A)  with  a  weak  peak  at  T  160  K  for  higher  temperatures.  We  have 
studied  QSE  for  many  irradiated  crystals  at  different  temperatures  from  140  K  down  to  30 
K.  From  the  cross-over  temperatures,  we  have  estimated^  the  average  diameters  (d)  and  the 
numbers  of  conduction  electrons  (N)  of  the  sodium  precipitates  to  be  21 A  <  d  <  48  A 
and  310  <  N  <  1750,  respectively.  In  heavily  irradiated  crystals  (latent  heat  of  melting  of 
Na  >  1.5  J/g)  we  have  found  an  anomalous  broadening  of  the  ESR  line  and  increasing  the 
spin  susceptibility  as  a  function  of  temperature  (Figure  2a).  Above  150  K  the  spin- 
susceptibility  x”  is  large  and  about  Pauli-like  up  to  240  K.  The  decreasing  spin 
susceptibility  below  150  K  and  the  broadening  of  the  ESR  line  are  characteristic  of  a 
magnetic  transition.  Recent  ESR  experiments  on  alkali  metal  fullerenes  for  quasi-ID 
dimensional  electronic  structrures^  have  revealed  similar  temperature  dependence  as 
observed  for  irradiated  NaCl.  Figure  2b  shows  the  results  of  dielectric  loss  measurements. 
A  sharp  peak  in  the  real  part  of  dielectric  constant  was  observed  for  KBF4  doped  irradiated 
NaCi  at  160  K,  the  result  for  a  less  damaged  Ba  doped  NaCl  shows  a  weak  peak  in  the 
same  temperature  region. 


3  SUMMARY 

The  electronic  structure  of  the  nano-precipitates  in  heavily  irradiated  crystals  is  the 
underlying  reason  for  the  anomalous  magnetic  and  electronic  properties  of  the  sodium 
particles.  For  “low” -damaged  ciystals  a  large  Curie  susceptibility  associated  with  the 
ultrafine  sodium  colloids  is  observed.  Extensive  quantum  size  effects  of  the  sodium 
particles  have  been  observed  for  irradiated  NaCl  with  latent  heat  values  up  to  0.5  J/g.  The 
anomalous  temperature  dependence  of  the  magnetic  susceptibility  and  ESR  linewidth  as 
well  as  AC  conductivity  are  characteristic  of  antiferromagnetic  correlations  and  support  the 
idea  that  sodium  nano- structures  with  extremely  small  parts  of  individual  Na-precipitates 
are  present.  We  suggest  that  these  electronic  structures  lead  to  spin  or  charge  density 
waves. 
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STACKING  FAULT  EXCITONS  IN  AgBr 
MICROCRYSTALS  WITH  TWIN  PLANES 
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Imaging  Research  and  Advanced  Development  Eastman  Kodak  Company,  Rochester, 
NY  14652-3208  and  Center  for  Photoinduced  Charge  Transfer,  University  of  Rochester, 

Rochester,  New  York  14627 

The  visible  emission  and  excitation  spectra  of  AgBr  microcrystals  containing  single  and  parallel  double  twin 
planes  has  been  obtained.  A  band  at  462,28  nm  (2.6813  eV)  is  observed  in  the  excitation  spectrum.  This  feature  is 
about  2.5  meV  below  the  indirect  exciton  band  edge.  Coincident  emission  features  are  observed.  The  band  in  the 
excitation  spectrum  of  microcrystals  with  two  parallel  twin  planes  is  often  split  into  a  doublet  with  splittings 
between  1  and  2  meV.  The  new  band  is  assigned  to  an  exciton  created  at  a  stacking  fault  and  the  splittings  are 
thought  to  be  due  to  tunnelling  of  the  exciton  between  proximate  twin  planes. 

Key  words:  AgBr,  Stacking  Fault,  Exciton,  Twin  Plane,  Low  temperature  Spectra 


1  INTRODUCTION 

Twin  planes  are  a  subset  of  defects  known  as  stacking  faults.^  In  cubic  crystals  they 
represent  a  mirroring  in  the  layer  sequence  aBcAbC  to  aBcA’b’AcBa.  Twinning  in  fee, 
rock  salt  structures  occurs  at  a  (1 1 1)  plane  and  can  also  be  viewed  as  a  60°  rotation  of  one 
plane  with  respect  to  another.  Twin  planes  can  have  either  a  cationic  or  an  anionic  mirror 
layer.  Twin  planes  are  of  pedagogical  interest  because  they  represent  a  symmetry  breaking 
structure  related  in  many  ways  to  a  surface.  They  are  of  industrial  importance  because  they 
are  a  feature  that  engenders  tabular  or  planar  growth  in  silver  halide  microcrystals  used  in 
photographic  films.  These  tabular  microcrystals  have  a  larger  surface-to-volume  ratio 
allowing  more  dye  to  be  adsorbed  per  unit  volume  and  hence  more  light  absorption  per 
unit  volume. 

Stacking  fault  excitons  (SEE)  have  been  observed  in  Bil3  and  GaSe.^”"^  The  stacking 
fault  excitons  in  Bils  appear  as  several  sharp  lines  in  the  absorption  and  emission  spectra 
just  below  the  indirect  exciton  edge.^’^  Stacking  fault  excitons  are  expected  to  exhibit  a 
more  two-dimensional  nature  than  their  more  normal  exciton  counterparts.^”'^ 

AgBr  is  an  indirect  band-gap  semiconductor,  thus  its  absorption  spectrum  is  very  weak 
in  the  region  of  the  indirect  band-gap  energy  (2.6838  eV).  The  excitonic  properties  of  this 
material  have  been  studied  extensively  by  emission  spectroscopy.^  Excitation  spectro¬ 
scopy  has  been  used  to  examine  the  absorption  of  AgBr  in  the  region  of  the  indirect  band- 
gap.^  These  investigations  have  found  that  the  indirect  exciton  absorption  can  be  observed 
by  monitoring  either  the  iodide  bound  exciton  emission  (500  nm-2.48  eV)  or  the  donor- 
acceptor  emission  (590  nm-2.10  eV),  which  contains  a  contribution  from  intermediate 
case  excitons  (close  D-A  pairs)  recombination.^’^ 

Silver  halide  microcrystals,  when  grown  in  gelatin,  normally  have  one  of  two  regular 
morphologies:  cubes  and  octahedra.^  AgBr  microcrystals  can  also  be  grown  in  a  tabular 
morphology  with  (111)  faces  and  one  or  more  twin  planes  parallel  to  the  tabular  faces.^ 
Twin  planes  have  been  observed  in  cryosectioned  samples  by  transmission  electron 
microscopy.^  In  those  microcrystals  with  two  parallel  twin  planes  the  spacing  between 
twin  planes  is  generally  between  8  and  20  nm. 

This  report  describes  absorption  and  emission  features  that  occur  because  of  an  exciton 
created  at  twin  planes  in  AgBr.  We  have  examined  the  excitation  spectra  of  a  number  of 
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three-dimensional  and  tabular  AgBr  microcrystals  dispersed  in  gelatin.  A  new  band  is 
found  in  the  excitation  spectrum  of  microcrystals  containing  twin  planes.  This  feature  is 
found  in  dispersions  of  mircocrystals  that  have  a  large  proportion  of  single  twins  (but  no 
double  twins)  as  well  as  those  with  parallel  double  twins.  This  absorption  line  is  split  into  a 
doublet  in  several  of  the  dispersions  of  microcrystals  with  two  parallel  twin  planes. 
Coincident  emission  lines  are  observed. 


2  EXPERIMENTAL 

The  AgBr  microcrystal  dispersions  that  were  examined  were  made  by  standard  techniques 
used  for  producing  silver  halide  in  gelatin  dispersions  for  photographic  films.^^’^^  These 
procedures  allow  the  production  of  cubic,  octahedral,  and  tabular  morphologies  (with 
single  or  double  twin  planes)  by  controlling  the  precipitation  conditions.  The  most 
important  factor  is  the  silver  ion  activity  during  nucleation  and  growth.  All  of  the 
microcrystals  produced  were  examined  in  a  scanning  electron  microscope  and  were 
generally  between  300  and  900  nm  in  diameter  or  edge  length.  The  octahedral 
microcrystals  were  monodispersed  in  size  with  an  octahedral  edge  length  of  320  nm. 
Those  dispersions  with  tabular  grains  that  contained  only  single  twins  were  45%  single 
twins  by  number  count  with  the  rest  being  smaller  octrahedral  grains  and  <  1.5% 
microcrystals  with  double  twins.  The  single  twin  microcrystals  were  triangular  in  shape 
with  an  edge  length  of  330  ±  50  nm.  The  doubly  twinned  microcrystals  were  hexagonal  in 
shape  and  had  a  mean  thickness  of  47  ±  6nm  and  an  equivalent  circular  diameter  of 
800  ±  190  nm. 

The  excitation  spectra  of  these  samples  were  obtained  at  liquid  helium  temperatures 
(T  6  K  or  2  K)  with  a  continually  tunable  dye  laser.  The  dye  laser  employed  coumarin 
120  in  a  glycerol-benzylalcohol  mixture  with  cyclooctatetrene  added  to  reduce  triplet- 
triplet  absorption.  The  bandwidth  of  the  dye  laser  emission  was  0.12  meV.  The  dye  was 
pumped  by  the  351/360  nm  UV  lines  from  an  argon  ion  laser.  The  rest  of  the  spectroscopic 
apparatus  has  been  described  previously. 


3  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  excitation  and  emission  spectra  for  three  dispersions  of  AgBr 
microcrystals  in  the  region  of  the  indirect  exciton  band-gap  energy  [E-g(ex)].  These 
dispersions  are  composed  of  octahedral  microcrystals  (O),  single  twin  microcrystals  (ST), 
and  microcrystals  with  two  parallel  twin  planes  (DT).  In  these  excitation  spectra  the 
emission  is  monitored  at  500  nm  (iodide  bound  exciton  emission).  Similar  spectra  were 
obtained  when  the  monitoring  wavelength  was  600  nm  (donor-acceptor  emission).^ 
Equivalent  excitation  spectra  were  obtained  on  other  octahedral  and  cubic  nmicrocrystal 
dispersions  and  no  evidence  was  found  for  a  new  band  in  the  excitation  spectra. 

The  new  absorption  feature  at  2.681 3  eV  (vacuum  corrected),  which  is  associated  with 
microcrystals  containing  twin  planes,  is  approximately  2.5  meV  below  the  exciton  band- 
gap  energy  [Eg (ex)-  2.6838  eV].  The  appearance  of  a  new  feature  in  the  excitation 
spectrum  is  thought  to  be  caused  by  the  symmetry  breaking  effect  of  the  twin  plane,  which 
^lows  the  creation  of  a  weakly  trapped  exciton  in  the  region  of  a  twin  plane.  The  emission 
spectra  for  those  microcrystals  that  contain  a  single  twin  plane  have  a  0-0  band  at 
2.6808  eV,  which  is  coincident  with  the  absorption  feature,  and  they  have  a  strong  TO 
phonon  band  at  2.6722  eV  with  weaker  LA  and  LO  phonon  lines  at  2.6696  and  2.6629  eV, 
respectively.  Several  preparations  of  microcrystals  containing  single  twin  planes  and 
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FIGURE  1  The  excitation  and  emission  spectra  of  double  twinned  (DT),  single  twin  (ST),  and  octahedral 
(O)  AgBr  microcrystals  at  6  K.  The  monitoring  wavelength  was  500  nm.  The  new  feature  associated  with  exciton 
localization  at  a  twin  plane  is  at  462.28  nm.  The  broad,  higher  energy  peaks  in  the  excitation  spectra  are  caused 
by  LO  phonon  scattering.  The  splitting  in  the  excitation  spectrum  of  the  DT  microscrystal  is  1.2  meV. 

The  0-0  band  of  the  iodide  bound  exciton  (Iqo)  and  a  plasma  line  (PL)  used  for  calibration  are  indicated. 


respectively.  Several  preparations  of  microcrystals  containing  single  twin  planes  and 
double  twin  planes  were  examined.  All  microcrystals  examined  that  contained  twin  planes 
exhibited  the  new  band  in  the  excitation  spectrum. 

The  exciton  wavefunction  in  AgBr  is  a  product  of  valence  band  (L-point[L4“,  L5”)  and 
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conduction  band  (r6'^)  wavefunctions.^^’^"^  In  the  absence  of  exchange  there  are  four 
degenerate  states:  two  are  of  pure  triplet  character  and  two  are  of  mixed  singlet-triplet 
character.  Exchange  interactions  split  this  into  two  doubly  degenerate  pairs  with  the  pure 
triplets  lower  in  energy.  The  exchange  energy  has  been  estimated  by  magneto  absorption 
(0.33  meV)  and  more  recently  by  Raman  scattering  (0.17  meV)  and  quantum  beat 
spectroscopy  (0.13  meV).^^’^"^  With  absorption  and  emission  linewidths  on  the  order  of  1.5 
meV,  the  exchange  splitting  is  not  observed. 

Some  of  the  dispersion  of  microcrystals  containing  two  parallel  twin  planes  exhibit  a 
doublet  in  their  excitation  spectrum.  The  example  shown  in  Figure  1  has  a  splitting  of 
1.2  meV.  This  splitting,  when  observed  in  other  double  twin  preparations,  ranged  from  1 
to  almost  2  meV.  The  average  energy  of  the  two  lines  (2.68 14  eV)  is  the  same  as  the 
energy  of  the  line  in  the  single  twin  preparations.  A  band  in  the  emission  spectrum  is 
coincident  to  the  lower  component  in  the  excitation  spectrum.  The  coincident  band  in  the 
emission  spectrum  of  the  DT  preparation  (Figure  1)  broadens  from  1.3  to  2.0  meV 
(FWHM)  as  the  temperature  was  raised  from  2  to  12  K.  This  suggests  that  the  upper 
component  is  emissive  and  becomes  more  populated  at  higher  temperatures.  The  splitting 
of  the  new  feature  in  AgBr  tabular  microcrystals  with  double  twin  planes  is  assigned  to 
tunneling  of  an  exciton  between  wells  (the  excitons  oscillating  between  two  closely  spaced 
twin  planes).  Estimates  for  the  tunneling  splitting  of  a  particle  in  coupled  square  wells  of 
several  nm  width  and  separated  by  «  10  nm  are  on  the  order  of  a  few  me  Vs. 

The  fact  that  the  stacking  fault  related  absorption  is  observed  in  excitation  spectra  by 
monitoring  either  the  iodide  bound  exciton  emission  at  500  nm  or  the  D-A  emission  at 
600  nm  indicates  these  excitons  are  mobile,  even  at  liquid  helium  temperatures.  Using  the 
measured  trap  depth  (2.5  meV)  and  a  reasonable  estimate  for  a  preexponential  factor  (10^) 
leads  to  an  estimated  mean  trapping  time  of  ^  0.1 

A  consideration  of  the  stabilization  energy  of  an  exciton  (2.5  meV)  created  at  a  twin 
plane  suggests  that  twin  planes  are  not  barriers  for  electrons  or  holes  at  room  temperature. 
The  exciton  stabilization  could  occur  by  a  small  change  in  the  dielectric  constant  in  the 
vacinity  of  the  twin  plane,  by  a  small  fluctuation  in  the  potential  in  either  the  valence  or 
conduction  band  or  by  combinations  of  these  mechanisms.  In  any  case,  these  small 
stabilizations  should  not  be  a  barrier  for  electrons  or  holes  at  higher  temperatures. 
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OPTICAL  PROPERTIES  OF  METALLIC 
NANOPARTICLES  SYNTHESIZED 
BY  IMPLANTATION  OF  ALKALI  IONS  IN  LiF 


J,  DAVENAS  and  C.  JARDIN 

Departement  de  Physique  des  Materiaux,  43  Bddu  11  Novembre,  Universite  Cl  Bernard 
Lyon  1-UA  CNRS  172,  69622  Villeurbanne  Cedex,  France 

The  optical  functions  of  metallic  particles,  resulting  from  the  precipitation  of  alkali  ions  implanted  in  LiF  crystals, 
have  been  calculated  from  optical  absorption  and  reflectivity  measurements  in  the  photon  energy  range  0.4-6  eV. 
Optical  data  are  analyzed  in  terms  of  local  electrical  field  effects.  The  real  part  of  the  dielectric  ftinction  remains 
positive  in  the  whole  energy  spectrum,  in  opposition  to  the  one  calculated  in  the  Maxwell-gamett  approximation 
where  enhanced  reflection  should  correspond  to  negative  values  of  the  dielectric  function.  Additional  resonances 
shown  by  the  eneiy  loss  function  are  responsible  for  this  discrepancy.  An  absorption  peak  associated  to  Li 
precipitates  and  a  secondary  peak  of  the  plasma  resonance  are  revealed,  so  as  a  loss  structure  at  5  eV  due  to  F 
centres  also  detected  in  electron  energy  loss  spectrometry  (REELS).  Implications  for  non  linear  optical  properties 
are  addressed. 

Key  words:  optical  constants,  nanoparticles,  alkali  halides,  implantation,  non  linear  optics. 


1  INTRODUCTION 

Photons  will  be  used  in  the  next  future  to  carry  information  instead  of  electrons  since  they 
allow  the  fast  propagation  of  high  information  densities.  Photoelectronic  devices  are  now 
developed  involving  non  linear  optical  effects.  In  particular  the  interest  for  optical 
materids  exhibiting  the  Kerr  effect  grows  rapidly.  In  such  materials  the  refractive  index  is 
modified  upon  exposure  to  an  intense  radiation  I  according  to: 

n  =  no  +  nj  I  where  ni  is  a  non  linear  refractive  index 

Different  functions  based  on  this  effect  allow  optical  signal  processing,  such  as  optical 
switching,  bistability,  harmonic  generation. . .  The  material  response  has  however  to  be 
rapid  and  absorption  losses  limited.  Composite  optical  materials  involving  metallic  or 
semi-conducting  nanoparticles  dispersed  in  transparent  matrices  have  been  studied  for  that 
purpose.  We  had  studied  in  the  past  (20  years  ago!)  the  optical  properties  of  metallic 
particles  induced  by  the  precipitation  of  implanted  ions  in  ionic  crystals.  New  absorption 
bands,  giving  rise  to  characteristic  colorations:  brown  for  implanted  Li'^,  pink  for  Na"^  and 
blue  for  in  thermally  annealed  LiF  crystals  had  in  particular  been  attributed^ to  the 
plasma  resonance  of  the  metallic  nanoparticles  embedded  in  the  host  crystal.  LiF  is  an 
interesting  matrix  (in  view  of  harmonic  generation  for  example)  since  transparent  in  the 
UV,  where  most  optical  materials  exhibit  absorption  bands.  It  is  in  particular  the  case  of 
glasses,  KDP,  aromatic  polymers. . .  A  significant  background  of  data  is  available  on  LiF, 
due  to  the  extensive  studies  performed  in  the  past  on  colour  centres.  However  most  of  the 
former  optical  studies  involved  only  optical  absorption  measurements  that  provides  a 
partial  analysis  of  the  optical  data  since  the  optical  functions  of  an  absorbing  medium  are 
complex.  In  this  case,  it  is  necessary  to  perform  a  Kramers  Kronig  treatment  to  determine 
the  real  and  imaginary  parts  of  the  optical  functions,  or  to  measure  separately  the  optical 
absorption  and  specular  reflection  spectra.  However  the  dispersion  relations  leads  to  sum 
extending  over  the  whole  photon  energy  range,  which  must  be  truncated  to  the 
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experimentally  available  energies.  A  variation  law  of  the  optical  functions  outside  this 
domain  must  be  assumed.  Because  of  this  main  difficulty,  we  developed  the  second 
method. 


2  OPTICAL  DATA  ANALYSIS 

LiF  crystals  have  been  implanted  with  alkali  ions  at  170  keV  and  thermally  annealed  for 
1  h.  at  300° C.  We  discuss  in  this  limited  contribution  the  optical  properties  of  potassium 
doped  crystals,  whereas  the  results  of  Li+  and  Na+  implantations  will  be  presented  in  a 
next  paper.  Optical  absorption  and  specular  reflection  spectra  have  been  recorded  with  a 
CARY  2300  spectrophotometer.  The  measured  optical  transmittance  has  been  corrected 
from  the  reflection  on  the  2  crystal  surfaces. 

The  real  and  imaginary  parts  of  the  optical  index  :  n  =  v  -  jx,  have  been  calculated  from 
these  2  sets  of  measurements.  We  know  that  the  light  is  attenuated  according  to  the 
relation: 

I  =  lo  exp(~-47r  x/^  z)  =  Iq  exp(— az) 

in  which  a  is  the  absorption  coefficient.  Introducing  the  experimental  values  of  a  we 
deduce  the  extinction  coefficient  through  the  relation: 


The  usual  Fresnel’s  relations  provide  the  relation  between  the  reflection  coefficient  and  the 
optical  index: 

[y-vf+x^ 

{\+vf  +  X^ 

Since  the  imaginary  part  of  the  optical  index  x  has  been  calculated  and  the  reflection 
coefficient  has  been  measured  as  functions  of  the  wavelength,  it  is  possible  to  obtain  the 
refractive  index  v  that  is  a  solution  of  a  second  degree  equation: 


/1+R\ 


-(l+X^) 


The  dielectric  function:  e  =  e\  +  j62,  is  easily  deduced  at  any  given  frequency  from  the 
optical  index  through  the  relations: 


2  2 
V  -X 


£2  =  ‘^VX 


At  last,  the  energy  loss  function  defined  by: 


£2 

£\  +£2 


(y2  y,2y 


has  been  calculated  to  relate  the  optical  study  to  the  Electron  Energy  Loss  results  obtained 
on  same  samples^.  We  know  that  this  function  provides  informations  on  the  energy  level 
structure  of  valence  electrons.  The  plasmon  resonances,  which  correspond  to  the  poles  of 
the  function,  are  in  particular  directly  evidenced. 


OPTICAL  PROPERTIES  OF  METALLIC  NANOPARTICLES 


[1309J/83 


0.14 

0.12 

0.1 

0.08 

0.06 

0.04 

0.02 

0 


FIGURE  1  Optical  absorption  and  specular  reflectance  spectra  versus  photon  energy  of  a  LiF  crystal  implanted 
with  5.10^®  K+/cm^  at  170  keV  and  annealed  at  300® C  for  1  h. 

3  DIELECTRIC  RESPONSE 

3.1  Optical  Absorption  and  Reflectivity 

Figure  1  shows  the  as  recorded  absorption  spectrum  exhibiting  a  strong  resonance  at 
1 .5  eV,  which  is  responsible  for  the  blue  coloration  of  the  thermally  annealed  crystals, 
whereas  a  secondary  resonance  appears  at  2.4  eV,  as  previously  reported.^  A  first  question 
is  to  check  whether  these  resonances  are  true  absorption  bands  by  taking  into  account  the 
crystal  reflectivity,  which  is  important  in  this  domain  spectral  domain.  However,  the 
correction  from  die  optical  losses  due  to  the  reflections  on  the  crystal  surfaces  confirms 
these  two  absorption  bands,  which  are  situated  on  each  side  of  the  peak  of  enhanced 
reflectivity.  In  early  studies  of  aggregated  metals,  Marton  and  Lemon"^  made  the  distinction 
between  the  two  resonances  associated  to  the  resonance  of  the  optical  conductivity  and  the 
plasma  resonance,  which  are  respectively  the  pole  and  the  zero  of  the  dielectric  function.  A 
second  consideration  is  then  to  check  the  dielectric  constant.  Comparison  has  been  done 
between  a  computed  one  and  the  experimental  one. 

3.2  Dielectric  Function 

That  singularities  of  the  dielectric  function  are  interpreted  in  the  framework  of  a  local  field 
description.  The  Drude’s  relations  provide  the  dielectric  response  of  a  bulk  metal,  which 
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FIGURE  2  Real  and  imaginary  parts  of  the  dielectric  constant  computed  from  the  Maxwell-Gamett  theory  for  a 
10  %  fractional  volume  of  spherical  potassiums  spheres  embedded  in  a  LiF  crystal. 


shows  a  zero  for  the  plasma  frequency.  A  plasmon  resonance  in  the  energy  loss  function 
correspond  to  this  singularity.  The  metal  is  reflecting  below  the  plasma  frequency  since  the 
dielectric  function  is  negative  and  transparent  at  high  frequencies.  This  behaviour  is  not 
modified  when  considering  the  metal  surface  if  the  electrical  field  is  parallel  to  the  surface. 
A  polarization  effect  has  however  to  be  taken  into  account  for  other  electrical  field 
directions  due  to  the  charges  induced  at  the  surface.  The  local  field  is  then  different  from 
the  applied  electrical  field: 

p  _  p  ^  p  <^Eiocal 
tilocal  —  U*  —  U' 

^0  ^0 

An  effective  dielectric  constant  is  then  defined  by: 

D  =  eE  =  60  +  P 


exhibiting  two  singularities,  which  are  the  zero  and  the  pole  of  the  function.  The  dielectric 
constant  is  negative  in  the  frequency  range  limited  by  these  two  characteristic  frequencies 
inducing  optical  reflection  in  this  domain.  These  local  field  effects  become  extremely  high 
for  finely  divided  metal  particles  due  to  the  importance  of  the  surfaces. 

In  the  case  of  spherical  metallic  particles  dispersed  in  a  dielectric  matrix,  characterized 
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FIGURE  3  Real  and  imaginary  parts  of  the  dielectric  constant  as  evaluated  from  spectrophotometric 
measurements  for  a  LiF  crystal  implanted  with  5.10^®  K'^/cm^  at  170  keV  and  annealed  at  300°C  for  1  h. 


respectively  by  the  dielectric  constants  €m  and  ej,  the  local  field  is  connected  to  the  applied 
field  through  the  simple  expression: 


Eiocal  — 


3£i{uj) 


^m{^)  +  2£:i(a;) 


Eo  =  fiMEo 


The  resonance  corresponding  to  the  pole  of  this  function  means  that  the  Kerr  susceptibility 
that  controls  the  non  linear  response,  is  exalted  since  proportional  to  fi'^.  Using  the 
Maxwell-Gamett  approximation,^  we  have  calculated  the  effective  dielectric  constant  of  a 
composite  medium  e{u))  involving  potassium  spherical  nanoparticles  embedded  in  a  LiF 
matrix.  Figure  2  shows  the  real  and  imaginary  part  of  the  dielectric  function  for  a  10% 
volume  fraction  of  potassium  particles,  for  which  we  used  the  optical  constants  of  the  bulk 
metal.  The  real  part  of  the  calculated  dielectric  function  is  negative  between  1.9  and  2.1  eV 
corresponding  to  the  peak  of  enhanced  reflection  shown  in  Figure  1.  The  dielectric 
function  deduced  from  optical  and  reflection  measurements  remains  however  positive  over 
the  whole  spectral  domain  as  shown  by  Figure  3,  whereas  a  resonance  is  observed  at 
2.5  eV  for  the  real  and  imaginary  parts  £i  and  £2.  From  the  analysis  of  the  dielectric 
response  it  results  that  the  two  absorption  bands  shown  by  the  absorption  spectrum  of 
potassium  nanoparticles  cannot  be  attributed  to  the  two  singularities  discussed  by  Marton 
and  Lemon, 
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FIGURE  4  Energy  Loss  function  deduced  from  spectrophotometric  measurements  for  a  LiF  crystal:  (1)  as 
implanted,  (2)  annealed  at  300'" C  for  1  h. 


3.3  Energy  Loss  Function 

The  Energy  Loss  Function  calculated  from  the  optical  measurements  shows  in  figure  4  that 
a  structure  can  be  resolved  with  two  peaks  at  2.3  and  2.8  eV  in  addition  to  the  main  plasma 
resonance  at  1.5  eV.  The  comparison  with  the  loss  spectrum  of  the  as  implanted  Lif  crystal 
indicates  that  the  2.8  eV  peak  is  present  before  thermal  annealings.  According  to  a 
composite  medium  calculation,  this  contribution  may  be  attributed  to  lithium  precipitates. 
A  contribution  at  5  eV  is  observed,  in  accordance  with  the  REELS  spectrum  discussed  in 
another  contributing  paper, ^  which  can  be  assigned  to  the  F  centres.  The  evolution  of  the 
energy  Loss  function  upon  thermal  annealings  shows  the  precipitation  of  the  potassium 
metal,  the  partial  dissolution  of  lithium  precipitates  and  F  centres  bleaching. 


4  CONCLUSION 

The  analysis  of  the  optical  data  of  LiF  crystals  implanted  with  potassium  ions  has  shown 
the  formation  of  metallic  particles  associated  to  the  precipitation  of  the  implanted  and 
matrix  alkali  metals.  Thermal  annealings  enables  the  optimization  of  the  magnitude  of  the 
plasmon  absorption  and  enhanced  reflectivity.  Third  order  non  linear  Kerr  effects  can  be 
expected  from  the  exaltation  of  the  local  field  effect.  The  secondary  absorption  band  at 
high  photon  energies  is  not  connected  to  the  zero  of  the  dielectric  function.  Further 
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investigations  involving  other  metals  and  matrices  will  be  useful  for  the  interpretation  of 
this  resonance. 
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Low  Energy  Cluster  Beam  Deposition  (LECBD)  has  been  used  to  synthesize  cermets  with  controlled  size 
nanoparticle.  In  the  Bi-SiOx  system,  this  technique  allows  the  formation  of  Bi  nanograins  uniformaly  distributed 
in  the  SiOx  insulating  matrix.  The  size  of  the  Bi  nanograins  (mean  diameter  about  4  nm)  may  be  responsible  of  a 
surprising  optical  property  of  the  LECBD  Bi-SiOxCermets.  The  difference  between  theoretical  and  experimental 
optical  behavior  of  LECBD  cermets  is  assumed  to  be  a  clue  of  size  effects  inducing  a  metal-semiconductor 
transition. 


1  INTRODUCTION 

Cermets  are  composite  materials  of  metals  and  insulators  used  as  resistive  materials^  and 
efficient  absorbers.^  The  ideal  cermet  film  is  composed  with  small  metal  particles 
presenting  a  narrow  size  distribution  and  uniformly  distributed  in  the  insulating  material. 
In  our  laboratory,  we  have  developed  a  technique  named  Low-Energy  Cluster  Beam 
Deposition  (LECBD)  which  allows,  for  instance,  the  formation  of  ultrathin  films 
presenting  new  structure  and  different  properties^  compared  to  films  obtained  by  the 
conventional  Molecular  Beam  Deposition  (MBD).  The  size  distribution  of  the  supported 
particles  roughly  corresponds  to  ^at  of  clusters  in  the  beam.  So  the  LECBD  technique 
appears  to  be  an  interesting  way  to  synthesize  cermet  films  with  controlled  size 
nanoparticles.  In  this  paper,  we  present  the  first  results  obtained  on  LECBD  cermet  films 
obtained  by  simultaneous  deposition  of  neutral  Bi  clusters  and  SiOx  molecules.  LECBD 
cermet  films  have  been  characterized  by  Transmission  Electron  Microscopy  (TEM), 
optical  transmission  and  X-ray  Photoelectron  Spectroscopy  (XPS). 


2  EXPERIMENTAL  PROCEDURE 

Bismuth  clusters  are  generated  by  the  gas  aggregation  technique  in  a  thermal  source."^  The 
metallic  vapor  obtained  from  an  heated  crucible  is  cooled  in  an  inert  gas  (Ar  or  He)  at 
liquid  nitrogen  temperature  to  obtain  a  Bi  cluster  beam.  The  cluster  size,  which  is 
controlled  by  the  pressure  and  the  nature  of  the  inert  gas,  is  measured  by  a  time  of  flight 
mass  spectrometer  before  deposition.  In  the  present  experiments  the  mean  diameter  of 
incident  Bi  clusters  is  4  nm  (850  atoms).  The  SiOx  and  Bi  cluster  deposition  are 
simultaneous  and  the  deposition  rate  of  SiOx  in  comparaison  with  the  Bi  one  controls  the 
cermet  composition.  During  deposition,  the  residual  pressure  is  less  than  10“"^  Pa.  Cermets 
are  deposited  at  room  temperature  on  optically  polished  glass  substrat  and  on  amorphous 
carbon-coated  grids  for  transmission  electron  microscopy  (JEOL-200  CX  operating  at  100 
kV  accelerating  voltage).  The  optical  transmission  has  been  made  at  normal  incidence  over 
the  wavelength  range  A  =  200  to  3000  nm  with  a  cary  2300  spectrophotometer. 
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FIGURE  1  TEM  micrography  showing  the  morphology  of  cermet  (30  nm  thickness  and  1.6%  Bi  volumic 
concentration). 


Chemical  analysis  has  been  performed  by  X-ray  photoelectron  spectrometry  (XPS)  in  a 
UHV  Nanoscan  Cameca  system.  The  XPS  spectra  were  recorded  on  a  MAC2  spectrometer 
using  a  Mg-Ka  radiation. 


3  RESULT 

TEM  observations  have  been  performed  on  30  nm  thick  cermets  of  1.6%  Bi  volumic 
concentration.  For  this  concentration,  the  Bi  nanograins  are  isolated  as  shown  on  Figure  1 . 
This  TEM  micrography  (Figure  1)  shows  spherical  and  isolated  particles  homogeneously 
distributed  on  the  substrate.  The  Bi  nanograins  present  a  narrow  size  distribution  (3-5  nm) 
with  a  mean  diameter  of  4.2  nm.  The  size  distribution  of  Bi  inclusions  is  very  similar  to 
free  cluster  size  distribution,  indicating  that  the  Bi  cluster  diffusion  is  very  low.  High 
resolution  electron  microscopy  and  dark  field  observations  with  Bi  reflections  show  that 
most  part  of  Bi  grains  is  amorphous.  Nevertheless  some  grains  are  crystallized,  but  not 
surrounded  by  an  amorphous  layer  as  observed  for  crystallized  supported  Bi  particles.^ 
The  homogeneity  in  depth  distribution  of  Bi  nanograins  has  been  shown  by  cross-section 
TEM  observations  on  thick  films.^  These  results  confirm  that  LECBD  is  a  promising 
technique  to  elaborate  cermets  with  a  given  grain  size  distribution  (corresponding  to  that  of 
the  cluster  in  the  beam)  in  the  nanometric  range. 

To  control  the  composition  of  the  metallic  inclusions  of  LECBD  cermets,  XPS 
measurements  have  been  carried  out.  We  choose  a  18%  volumic  concentration  of  Bi  which 
corresponds  to  the  percolation  threshold  in  a  three-  dimensional  system.  XPS  results  are 


NANOMETRIC  METALLIC  PARTICLES  IN  INSULATING  MATERIALS:Bi-SiOx  [1317]/91 


Binding  Energy  (eV) 


FIGURE  2  X-ray  photoemission  spectra  of  30  nm  thick  Bi  film  (a)  and  LECBD  cermet  (b).  Because  of  the 
charge  accumulation  effects  in  LECBD  specimen,  a  charge  correction  determined  on  the  2pl/2  core  level 
transition  of  Si02  has  been  applied  on  spectra  2b  (3  eV  energy  shift). 


presented  in  Figure  2.  Spectra  2a  and  2b  correspond  respectively  to  a  30  nm  thick  Bi  film 
and  LECBD  cermet.  The  two  doublets  observed  on  spectrum  2a  correspond  to  the  4f5/2 
and  4f7 /2  lines  of  Bi  and  Bi203  (surface  native  oxide).  The  comparison  of  this  ‘reference’ 
spectrum  with  the  LECBD  cermet  one  shows  that  no  Bi  oxide  contribution  has  been 
noticed  in  the  LECBD  cermets.  The  LECBD  technique,  contrary  to  other  methods,^  allows 
to  elaborate  Bi-SiOx  unoxidized  cermets.  It  is  an  appropriated  method  for  carry  out 
unoxidized  films  (for  example  Samarium  films) when  other  techniques  can’t. 

As  Bi  nanograins  are  not  oxidized  in  LECBD  cermets,  they  are  expected  to  behave  as 
metallic  particles.  This  assumption  has  been  analysed  using  optical  spectrometry.  Metallic 
particles  embedded  in  a  matrix  give  an  extra  contribution  to  the  effective  dielectric 
permittivity  of  the  medium.  A  theoritical  model  for  the  explanation  of  this  phenomenon 
was  set  up  by  Maxwell-Gamett  assuming  that  the  particles  are  spherical  and  small  with 
respect  to  the  wavelength  of  incident  light.  So  simulations  have  been  completed  using  the 
calculations  of  Marton  and  Lemon^  assuming  that  the  optical  constants  of  fine  bismuth 
particles  are  the  same  as  those  for  bulk  bismuth.  The  constants  n,  k  of  bulk  Bi  are 
determined  by  ellipsometric  measurements  in  a  range  of  200-700  nm  of  wavelength.  The 
Figure  3  shows  the  calculated  optical  density  versus  the  wavelength  A  of  the  incident  light 
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FIGURE  3  Evolution  of  optical  density  OD  calculated  with  the  Maxwell-Gamett  theory  versus  the  wavelength 
A  of  the  incident  light,  for  several  Bi  filling  factor  q  (The  thickness  for  curves  b-c-d-e-f-g  is  20  nm).  The  curve 
(a)  is  the  experimental  spectrum  of  a  cermet  (q  =  0. 1  and  the  thickness  is  20  nm).  The  other  experimental  spectra 
with  several  filling  factor  q  give  also  no  absorption  band. 


for  several  filling  factors  q.  The  filling  factor  is  a  measure  of  the  volume  fraction  of  the 
particles  in  the  composite.  We  can  see  on  the  Figure  3  an  optical  absorption  band  due  to 
the  presence  of  metdlic  particles  embedded  into  the  insulating  matrix.  The  wavelength  at 
maximum  optical  density  is  red  shifted,  as  the  filling  factor  q  increased.  The  experimental 
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Optical  transmission  measurements  have  been  performed  on  LECBD  cermets  with  several 
filling  factors  q  (q  lower  than  the  percolation  threshold  filling  factor  qc).  The  absorption 
band  predicted  by  the  Maxwell-Gamett  theory  has  not  been  observed.  This  can  be 
considered  as  the  first  evidence  that  Bi  nanograins  do  not  behave  as  metallic  grains.  This 
size  effects  is  in  agreement  with  other  experimental  results  obtained  on  thin  Bi  films.  This 
size  effect  (or  quantum  size  effect)  is  wellknown  for  Bi.^’^®  For  example,  Hoffman^®  has 
shown  a  decrease  of  electron  concentration  with  film  thickness:  5.10^^  electrons  cm“^  for  a 
500  nm  thickness  9.10^’  cm“^  for  a  20  nm  Bi  film  thickness.  This  semi-metal- 
semiconductor  transition  should  occur  also  in  LECBD  cermets  for  which  size  effect  in 
4  nm  diameter  Bi  particles  are  expected  to  be  enhanced.  Raman  spectroscopy  studies  are 
now  in  progress  to  confirm  this  assumption. 
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ELECTRONIC  STRUCTURE  AND  OPTICAL  SPECTRA 
OF  OVERSTOICfflOMETRIC  CADMIUM  ATOMS  IN 

Cdl2  CRYSTALS 


I.  BOLESTA,  I.  KITYK,i  V.  KOVALISKO  and  R.  TURCHAK 

Department  of  Physics,  Lviv  State  University,  50  Dragomanova  st,  Lviv,  290005,  Ukraine 

The  article  deals  with  the  investigation  of  concentration  dependences  of  absorption,  luminescence  and 
photosensitivity  impurity  bands,  caused  by  the  introduction  of  overstoichiometric  cadmium  atoms  (Cdi)  into  the 
lattice  of  strongly  anisotropic  Cdl2  layered  crystal.  The  model,  explaining  concentration  dependences  of  Cdl2-Cdi 
spectra,  suggests  localization  of  Cdi  atoms  in  Van-der-Waals  gaps  of  layered  crystals  and  their  interaction  with 
themselves  and  with  lattice  iodine  atoms.  The  character  of  these  interactions  strongly  depends  on  Cdj 
concentration  (i.e.  on  the  distance  between  Cdi  atoms)  and  changes  from  5-Cdi  -p-l  (at  Ncd;  <  10^®  cm"^)  to  s- 
Cdi  -  5-Cdi  interaction  at  higher  concentration.  The  quantum-chemical  simulations  were  carried  out  to  confirm  the 
proposed  model. 

Key  words:  nonstoichiometiic  atoms,  concentration  dependence,  optical  spectra,  layered  crystals,  impurity  defect. 


1  INTRODUCTION 

The  characteristic  properties  of  layered  crystals  are  caused  by  the  ability  of  impurities  to 
localize  in  different  crystallographic  positions  depending  on  doping  method.  The 
localization  of  impurity  atoms  at  Van-der-Waals  gaps  of  layered  crystals  during  the 
crystal  growth  would  cause  the  formation  of  system  similar  to  intercalated  one,  which  is 
created  by  diffusion  method.^  The  above  mentioned  quasiintercalated  system  was  achieved 
in  the  strongly  anisotropic  Cdia  layered  crystals  with  overstoichiometric  cadmium  atoms. 
Modified  Bridgman  method^  was  used  to  obtain  a  number  of  CdU-Cdi  single  crystals  with 
monitored  overstoichiometric  cadmium  atoms  concentration  (Ncdi):  10“^,  10“^,  and 

10“^  mol.%  and  pure  (specially  undoped)  Cd^.  The  corresponding  atom  per  volume 
concentrations  are  10,^^  10, 10,^^  and  10^^  cm“^,  while  the  concentration  of  Cdi  atoms  in 
undoped  CdU  crystals  was  assumed  to  be  10^^  cm”^  (10“^  mol.%). 


2  RESULTS  AND  DISCUSSION 

The  Cdi  atoms  give  rise  to  complicated  383-387  nm  impurity  bands  in  absorption  spectra, 
and  additional  emission  band  at  690  nm.  The  intensities  of  these  bands  increase  with  Cdi 
atoms  concentration  increasing  till  it  reaches  10^^  cm~^.  At  higher  Cdi  concentration  the 
absorption  bands  at  383-387  nm  disappear,  but  a  new  band  peaked  at  800  nm  is  observed 
in  spectra.  Similarly  to  the  absorption  bands,  the  impurity  luminescence  band  peaked  at 
690  nm  disappears  at  Ncd;  >  10^^  cm“^.  As  a  result  the  emission  spectrum  of  Cdl2-Cdi 
(Ncdi  >  10^^  cm“^)  coincides  with  the  spectrum  of  undoped  CdU  (Am  =  500  nm  at 
290  K)^ 

The  investigations  of  Xu  =  X123  component  of  nonlinear  susceptibility,  electrooptical 
coefficient  r4i ,  and  ^^^I  NQR  peak  frequencies  ui  and  1/2  of  4H-polytype  Cdl2-Cdi  shows 
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FIGURE  1  Differential  absorption  and  luminescence  spectra  of  Cdl2-Cdi  single  crystals. 


the  similarity  of  concentration  dependences  of  above  mentioned  physical  parameters 
(Figure  2). 

To  explain  the  concentration  dependence  of  Cdl2-Cdi  single  crystals’  physical 
properties,  the  following  model  is  proposed.  It  suggests  that  Cdi  atoms  built  up  into 
octahedral  and/or  tetrahedral  holes  in  Van-der-Waals  gaps  of  layered  crystals  and  interact 
with  themselves  and  with  lattice  iodine  atoms.  At  Ncdj  <10^^  cm“^  the  interaction  of  Cdi 
atoms  with  iodine  ions  (5-Cdi  -  p-l  interaction)  prevails,  resulting  in  creation  of  [Cdi  In] 
complexes  (n  =  4,  6  for  tetrahedral  and  octahedral  holes  respectively).  These  complexes 
give  rise  to  local  levels  in  Cdt  forbidden  gap  band.  Therefore,  the  observed  impurity 
bands  in  absorption  and  luminescence  spectra  are  attributed  to  electron  transitions  between 
valence  band  and  local  levels  of  [Cdi  In]  n  =  4,  6  complexes.  In  this  model  the  appearance 
of  impurity  photosensitivity  band  is  associated  with  the  motion  of  holes  in  valence  band, 
formed  by  /^-orbitals  of  iodine  (insert  on  Figure  1). 

The  formation  of  [Cdi  In]  complexes  leads  to  a  redistribution  of  the  electronic  density  of 
Cdl2  and  thus  modifies  the  value  of  acentricity  and  electric  field  gradient  of  4H-Cdl2 
lattice.  This  explains  the  variation  of  nonlinear  optical  parameters  and  ^^^I  peak 
frequencies  of  Cdl2”Cdi  crystals.  At  Ncdi  >  10^^  cm“^  the  5-Cdi  -.s-Cdi  interaction 
becomes  predominating,  causing  formation  of  nanoinclusions  of  metallic  cadmium  (Cdi)m 
(m  >  2)  in  Cdl2  lattice.  These  nanoparticles  give  rise  to  additional  absorption  band  at 
800  nm  due  to  light  scattering,  and  simultaneously  the  changes  of  physical  properties 
caused  by  [Cdi  In]  complexes  disappear. 

The  change  of  character  of  Cdi  atoms  interaction  due  to  variation  of  their  concentration 
is  confirmed  by  the  calculation  of  Vspcr  and  Vssa  integrals,  which  characterize  s-Cdi  -  p~l 
and  s-Cdi  -  j-Cdi  interactions  respectively. 

The  calculation  of  the  corresponding  integrals  was  made  with  taking  into  account  the 
overlap  and  translational  integris  which  are  calculated  by  the  formula: 


ELECTRONIC  STRUCTURE. . . 
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FIGURE  2  Concentration  dependences  of  xi4Component  of  nonlinear  susceptibility  tensor,  T41  electrooptical 
coefficient  and  vi,  V2  NQR  peak  frequencies  of  CdU-Cdi  single  crystals. 


Vssa  =  j  'J'sCd,(^  -  •  ®sCd,(^  -  r)d^f  + 

+  j  ^scd.  (r7  -  iO  ■  Vcd,  (r7  -  ?)  ■  {^1  -  f)d'? ; 

Vsp.  =  I  ®scd,  (n  -  50  •  ’J'pKrl  -  + 

+ 1  /  'J'rcd, (r7  -  50  ■  Vcd, (r7  -  50  •  ®pi(r7  -  ; 

where 

Vcd,  (r7  -  50  =  V^^i(r7  -  r)  +  V^-,(r7  -  iO  +  'Se(r7  -  7) 

In  the  latter  expression  the  terms  —  47re^/9(ii  - r),  and  (ii  -  r)  =  (3/8  tt) 

[p(fj  -  r)]^^^  describe  the  Poisson  and  Slater  screening,  and  term  describes  electron- 
ionic  contribution  into  the  overlap  integral.  To  calculate  Vssa,  '^spa  values  the  summation 
was  done  up  to  the  fifth  coordinative  sphere.  This  corresponds  to  the  coincidence  of 
eigenstates  not  less  then  0.01  Ry.  The  concentration  dependence  ofWssa  and  Vsp^  obtained 
in  such  a  way  are  presented  in  Figure  3.  The  analysis  of  these  dependences  shows  that  at 
Ncdi  <  10^^  cm~^  Vssa  <  Vspo-,  while  in  the  vicinity  of  Ncdi=10^^  cm“^  Yssa  >  ^spa-  The 
equality  of  Vss^  and  Yspa  values  at  Ncdi  =  3  •  10^®  cm~^  allows  to  estimate  the  critical 
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FIGURE  3  Concentration  dependence  of  Vss<t  and  Vsp^j  integrals. 


distance  at  which  the  change  of  interaction  mode  in  Cdla-Cd  lattice  occurs.  This 
distance  is  equal  to  ~70  A  and  is  in  good  agreement  with  the  experimentally  obtained 
values  of  ro  =  (Ncdi)~^^^  ^  50A  for  Ncdi  =  10^^  cm”^. 
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ENHANCED  RAMAN  SCATTERING  OF  PHONONS 
IN  CaFi  AND  MgO  CONTAINING  Ca  AND  Li 

COLLOIDS 
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Instituto  de  Ciencia  de  Materiales  de  Aragon,  C.S.LC.-Universidad  de  Zaragoza  Pza.  San 
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We  present  Raman  scattering  spectra  of  CaF2  samples  with  Ca  colloids  and  MgO:Li  with  Li  precipitates. 
The  samples  have  been  prepared  by  different  thermal  and  irradiation  treatment  in  order  to  achieve  different 
colloid  sizes.  Exciting  in  the  colloid  surface-plasmon  band  we  observe  SERS  of  the  whole  density  of  states  of 
CaF2  or  MgO  phonons,  the  intensity  being  enhanced  when  the  excitation  approaches  the  colloid  band  maximum. 
In  order  to  explain  the  appearance  of  the  one  phonon  density  of  states  and  the  resonant  behaviour  we  propose  a 
mechanism  consisting  of  surface  plasmon  and  charge  transfer  excitation,  superposed  to  the  electromagnetic 
process. 

Key  words:  SERS,  colloids,  CaF2  phonons. 


1  INTRODUCTION 

Most  of  the  experimental  work  in  SERS  has  focused  on  the  enhancement  of  Raman 
activity  of  organic  molecules  close  to  or  adsorbed  on  a  metallic  surface.  Raman 
enhancement  of  the  phonon  density  of  states  in  crystals  containing  metallic  colloids  has 
also  been  reported.  As  far  as  we  know,  all  the  work  in  crystals  refers  to  alkali  halides 
containing  silver  or  alkali  metal  particles 

In  this  article  we  report  on  the  Raman  enhancement  of  CaF2  phonons  due  to  the 
presence  of  Ca  colloids.  The  advantage  of  CaF2  with  respect  to  alkali  halides  is  that  it  has 
an  allowed  mode,  which  gives  a  good  probe  of  the  degree  of  activation  of  the  other  phonon 
modes.  We  also  present  the  observation  of  the  MgO  single  phonon  density  of  states  by 
SERS  in  lithium  colloids. 


2  EXPERIMENTAL  DETAILS 

Raman  spectra  were  measured  in  a  Dilor  XY  spectrometer  with  diode  array  detector.  An 
Ar+  laser  was  used  in  the  2.35-2.7  eV  region  and  a  dye-laser  in  the  2-2.1  eV  region.  The 
laser  is  focused  onto  the  sample  through  a  50  X  objective.  The  laser  power  was  typically 
10-20  mW  on  the  sample.  Back  scattering  geometry  was  used  in  all  cases. 

Metallic  calcium  particles  in  CaF2  were  produced  using  either  additive  coloration  or 
irradiation  techniques. We  have  prepared  several  samples  with  different  colloid  sizes. 
Optical  absorption  spectra  show  the  F  band  at  380  nm  and  a  broad  band  around  550  nm 
due  to  Ca  colloids.  In  Table  I  sample  characteristics  derived  from  the  absorption  bands  are 
presented.  S4  could  not  be  measured  because  of  its  high  defect  concentration. 

We  also  studied  samples  of  MgO:Li  where  Li  precipitates  were  produced  by 
thermochemical  reduction  (courtesy  of  Dr.  Y.  Chen,  ORNL,  USA).  These  samples 
presented  very  broad  optical  absorption  bands  with  maxima  near  550  and  580  nm. 
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HGURE  1  Raman  spectra  of  SI  (a),  S2  (b),  S3  (c)  and  S4  (d)  taken  with  A  =  528.7  nm  (2.345  eV)  and  E|//Es 
on  (111)  faces  for  spectra  (a),  (c),  (d)  and  (100)  for  (b). 


Table  I  . 

r:  mean  colloid  radius.  Np!  number  of  metallic  particles  per  unit  volume.  Wq.  fractional  colloid  volume.  Ir:  relative 
intensity  of  the  activated  spectrum,  in  arbitrary  units  (A  =  528.7  nm,  band  ‘E’,  Ei//Es).  Sc:  colloid  surface 

per  unit  volume. 


Sample 

r(nm) 

6 

o 

Vc 

Ir 

Sc(cm“*) 

SO 

12 

0.35  X  10*2 

2.7  X  10“^ 

5 

3.5 

SI 

3.5 

20  X  10*2 

3.6  X  10“^ 

8 

16 

S2 

11 

1.45  X  10*2 

8.1  X  10-^ 

17.5 

12 

S3 

25 

0.25  X  10*2 

1.7  X  10-5 

31 

11 

3  EXPERIMENTAL  RESULTS  AND  INTERPRETATION 

Raman  spectra  of  the  four  CaF2  samples  described  above  are  shown  in  Figure  1.  Since 
CaF2  has  a  unique  Raman  allowed  mode  (uq  =  322  cm“^)  seen  as  a  strong  narrow  peak 
in  the  spectrum  of  SI  and  S2,  all  the  accompanying  structure  is  attributed  to  the  presence 
of  cation  colloids.  Though  the  main  features  are  common  to  the  spectra  of  all  four  samples 
the  whole  intensity  as  well  as  the  ratio  between  the  allowed  and  forbidden  spectra  are 
greatly  sample  dependent,  being  found  roughly  a  linear  correlation  between  the  intensity  of 
the  forbidden  spectrum  and  the  colloid  volume  fraction. 

In  Figure  2  we  present  for  sample  SI  the  Raman  intensity  vs.  excitation  energy  of 
peaks  labelled  in  Figure  1.  A  clear  resonant  behaviour  towards  the  longer  wavelengths  is 
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FIGURE  2  Excitation  curves  of  peaks  A  (O),  B  (•),  C  (O),  D  (A)  and  E  (A)  with  EiZ/E*. 

seen  for  all  the  modes,  except  perhaps  for  peak  B  (z/q  ~  220  cm“^).  Since  this  sample  has 
the  maximum  of  the  colloidal  band  near  550  nm  (2.25  eV)  the  intensity  enhancement  is 
ascribed  to  a  resonance  phenomenon  within  the  colloid  band,  being  corroborated  by  the 
measurements  performed  on  sample  S4  at  energies  below  the  colloid  band  maximum  (see 
inset  in  Figure  2).  The  fact  that  the  allowed  mode  shows  a  weaker  resonant  enhancement  is 
in  agreement  with  this  interpretation:  part  of  it  is  due  to  regions  of  CaF2  not  perturbed  by 
the  colloids;  only  that  part  of  the  peak  arising  from  regions  close  to  the  met^lic  particles 
will  resonate  in  the  SP  band. 

The  forbidden  spectrum  is  interpreted  as  due  to  first-order  vibrations  of  CaF2  activated 
by  the  presence  of  colloids.  Other  possibilities  are  readily  discarded:  double  phonons 
would  extend  up  to  much  higher  frequencies;  local  modes  around  vacancies  or  defects 
would  not  account  for  the  high  intensity  observed  neither  for  its  resonant  behaviour  when 
the  laser  approaches  the  maximum  of  the  colloid  band.  In  Figure  3  we  compare  the  Stokes 
spectrum  of  S2  and  of  a  MgO  sample  with  the  one  phonon  density  of  states  of  CaF2^  and 
of  MgO^  respectively.  Though  there  is  a  clear  discrepancy  in  the  relative  intensities  the 
position  of  the  main  features  are  reproduced  in  the  experimental  spectrum.  Considering 
that  the  coupling  of  different  vibrations  may  be  different  strength,  the  agreement  is  still 
remarkable.  The  fact  that  the  major  discrepancy  occurs  in  the  region  of  LO  phonons 
indicates  that  their  electron-phonon  coupling  is  much  stronger  than  for  the  rest  of  phonon, 
‘Hot  phonon’  non  equilibrium  were  looked  for  by  measuring  the  Stokes/Anti  Stokes  ratio 
in  a  CaF2  sample.  The  result  was  in  agreement  with  the  expectation  for  thermal 
equilibrium  with  kT  =  300  K,  indicating  that  no  anomalous  phonon  population  exists. 

There  are  traditionally  two  models  that  try  to  explain  SERS  results,  the  classical 
electromagnetic  (EM)  enhancement  and  charge  transfer  (CT)  excitations.  The  classical  EM 
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FIGURE  3  Above:  Raman  spectra  taken  with  A  =  514.5  nm  of  S2  with  Ei//Es//[100]  and  a  MgO  sample. 
Bottom:  phonon  density  of  states  of  CaF2  (from)®  and  MgO  (from).^ 


enhancement  arises  from  the  enhancement  of  the  electric  field  acting  on  the  molecule.  In 
this  model  colloid  band  resonance  and  the  allowed  mode  dependence  can  be  explained,  but 
not  other  features  observed: 

1)  within  the  classical  EM  model®  and  using  the  simple  expression  for  molecules 
adsorbed  on  a  spherical  particle®  enhancements  for  Ca  and  Li  colloids  of  10^  or  10^  are 
obtained.  However,  since  the  intensity  observed  will  depend  on  the  colloid  density, 
very  low  for  all  the  samples,  the  relative  enhancement  is  expected  to  be  about  10%. 

2)  the  enhancement  depends  only  on  optical  constants  and  cannot  induce  the  selection 
rules  breaking  necessary  to  activate  the  forbidden  spectrum.  This  can  only  be 
explained  by  the  distortion  of  the  host  surrounding  the  colloid  but  in  that  case,  and  due 
to  the  narrowness  of  this  region,  the  spectrum  intensity  would  vary  as  the  fractional 
colloid  surface  and  not  as  the  fractional  colloid  volume,  as  observed. 

3)  within  the  EM  model  the  different  proportion  of  the  allowed  mode  to  the  rest  of 
activated  modes  in  different  samples  cannot  be  explained. 

In  order  to  explain  the  appearance  of  the  whole  density  of  phonons  we  propose  the 
mechanism  of  SP+CT  excitations  as  the  most  likely  one,  superposed  to  the  EM  process. 
The  model  consists  of  SP  excitation  followed  by  electron  transfer  from  the  metal  to  the 
host  and  de-excitation  in  the  metal/host  interface.  In  the  host,  electron-phonon  interaction 


COLLOID  INDUCED  SERS  IN  CaF2  AND  MgO 


[1329]/103 


takes  place,  as  in  usual  Stokes  or  Anti  Stokes  processes,  giving  rise  to  single-phonon 
modes.  The  lattice  distortion  and  loss  of  periodicity  in  the  vicinity  of  the  colloid  break  the 
k  =  0  selection  rule  and  account  for  the  appearance  of  the  whole  density  of  states.  On  the 
other  hand,  EM  process  can  explain  the  behaviour  of  the  allowed  mode. 

P.  B.  Oliete  thanks  D.  G.  A.  for  financial  support. 
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TEM  STUDY  OF  FE-Co  OXIDES  SYSTEM  OF 
AMMONIA  CATALYST 


V.  S.  TEODORESCU  and  L.  C.  NISTOR 

Institute  of  Atomic  Physics— IFTM—P.O.  Box  Mg-6,  76900-Bucharest,  Romania 

The  structure  of  the  complex  Fe-Co  mixed  oxides  system,  ptepated  as  an  industrial  ammonia  catalyst,  is  smdied 
by  TEM  (transmission  electron  microscopy).  The  introduction  of  Co  in  the  system  create  a  high  density  of 
structural  extended  defects.  Concentration  of  Co  bigger  than  10  a.%  lead  to  the  formation  of  a  high  density  of 
precipitates  which  were  identified  as  C03O4  in  the  magnetite  matrix.  The  data  in  this  phase  identification  was 
obtained  by  moire  fringe  analysis. 


1  INTRODUCTION 

The  unreduced  state  of  the  ammonia  catalyst  consists  in  a  doped  magnetite.  The  dopants 
are  Al,  Si,  Ca  and  K  atoms,  in  a  total  content  of  about  3—4%  and  act  as  structural  and 
activity  promoters.^  The  principal  structural  promoter  is  AI2O3  and  has  the  role  to 
introduce  a  high  density  of  defects  in  the  lattice  and  to  limit  the  dimensions  of  the 
magnetite  grains  obtained  by  the  solidification  of  the  melted  material.  The  introduction  of 
Co  in  the  system  contribute  to  the  formation  of  a  higher  density  of  structural  extended 
defects  in  the  magnetite,  even  the  Co  atoms  can  substitute  very  easy  the  Fe  atoms  in  the 
lattice.  Lattice  parameter  of  the  CoFe204  (0.8392  nm)  is  very  close  to  the  value  of  the 
Fe304  (0.8396  nm)  lattice  constant  and  the  mechanism  of  defect  introduction  is  not  clear. 

The  high  complexity  of  the  catalyst  structure,  with  a  large  spectrum  of  lattice  defects, 
can  not  be  analysed  only  by  integral  method,  like  X-ray  diffraction  and  magnetic 
measurement  and  need  microscopic  local  investigation.  This  paper  present  some  structural 
analysis  results  in  the  study  of  this  system  obtain  mainly  by  analytical  transmission 
electron  microscopy. 


2  EXPERIMENTAL 

The  samples  were  prepared  by  mixing,  melting  and  oxidation  control  of  the  components. 
The  fast  cooling  leads  to  the  formation  of  a  uniform  bulk  material  with  small  crystallites. 
The  TEM  specimens  was  prepared  by  crushing  the  bulk  catalyst  in  powder  form.  The  Co 
content  range  was  between  3  to  20  a.%  and  is  relatively  uniform  in  the  samples,  as  the 
EDXS  measurement  qualitatively  reveal.  The  observations  was  performed  with  a  Jeol 
TEMSCAN  200-CX  instrument,  equipped  with  a  Link  System  EDXS  spectrometer. 


3  RESULTS 

At  a  microscopic  scale  the  samples  are  not  uniform  from  the  point  of  view  of  the  nature 
and  the  density  of  the  defects.  In  the  3  and  5  a.%  Co  doped  samples,  two  morphologies 
have  been  found.  First  consists  in  well  crystallised  magnetite  grains  (Figure  1)  and  the 
second  in  a  low  crystallised,  nearly  amorphous,  components  (Figure  2).  Such  low 
crystallised  grains  have  always  a  texture.  In  the  crystallised  grains  of  the  5  a.%  Co  doped 
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FIGURE  1  Well  crystallised  magnetite  grain  in  the  3  a.%  Co  content  catalyst,  in  the  (1 10)  orientation. 


FIGURE  2  Low  crystallised  material  in  the  catalyst  with  3  a.%  Co,  with  (100)  texture. 


sample,  a  high  density  of  extended  defects  appear,  and  the  SARD  (selected  area  electron 
diffraction)  images  show  the  presence  of  reduced  Fe304_x  superstructure,  with  double 
lattice  parameter  (Figure  3). 

Higher  concentration  of  Co  in  the  system,  lead  to  precipitates  formation  and  then  to  a 
sharp  decreasing  of  the  defect  density  in  the  magnetite  grains.  The  precipitates  were 
observed  in  the  10  a.%  Co  doped  samples  with  dimensions  in  the  range  of  10-20  nm 
(Figure  4)  and  a  density  of  about  10^^  m“^.  The  X  ray  diffraction  spectra  suggest  the 
presence  of  FeO  or  (Co,  Fe)0,  but  the  sample  is  not  uniform  in  the  microscopic  scale  and 
the  X-ray  diffraction  reveal  only  a  average  of  different  local  structure. 

The  precipitates  were  found  to  be  C03O4  coherent  with  the  magnetite  matrix,  based  on 
the  parallel  moire  fringes  measurement  determination.  The  moire  fringes  were  generated 
by  the  splitting  of  the  440  reflection  spot  of  the  matrix,  showing  a  period  of  4  nm  (Figure 
4).  The  possibility  to  have  other  precipitation  like  FeO  or  (Co,  Fe)0  is  not  confirmed 
because  the  calculated  distances  are  far  from  the  experimental  one.  If  the  concentration  of 
the  Co  is  bigger  than  15-20  a.%,  the  precipitates  dimensions  increase  to  40-60  nm  in  all 
crystallised  grains  and  the  degree  of  coherence  with  the  matrix  is  lost. 
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FIGURE  3  Extended  defects  in  the  lattice  of  the  5  a.%  Co  doped  catalyst.  The  S  AED  image  shows  reflections  of 
a  double  lattice  nonstoichiometric  structure. 


FIGURE  4  Coherent  precipitation  of  C03O4  in  the  10  a.%  Co  content  catalyst  grain. 


4  DISCUSSION 

In  the  crystal  growth  process  induced  by  the  fast  solidification  of  the  melted  catalyst,  the 
magnetite  monocrystalline  grains  can  easy  incorporate  the  Co  atoms.  The  rest  of  the 
catalyst  contain  the  majority  of  the  promoter  atoms  and  having  a  very  low  crystallinity. 
This  process  is  responsible  to  the  non  uniformity  of  the  bulk  catalyst  in  the  microscopic 
scale.  The  lattice  of  the  magnetite  is  partially  reduced  and  local  complicate  superstructures 
can  appear  with  a  double  lattice  parameter.  In  the  TEM  images  appear  a  high  density  of 
extended  defects,  like  stacking  faults  and  crystallographic  share  planes  with  a  superposed 
contrast,  connected  with  the  nonstoichiometry  of  the  sample. 


108/[1334] 


V.  S.  TEODORESCU  AND  L.  C.  NISTOR 


The  precipitation  of  the  C03O4  in  the  magnetite  grains  take  place  in  a  topotactic  manner 
and  the  two  lattice  remain  coherent  for  the  small  precipitation.  The  density  estimation  of 
the  precipitates  lead  to  the  conclusion  that  the  Co  concentration  can  be  bigger  than  the 
average.  This  observation  supports  the  hypothesis  of  the  Co  incorporation,  mainly  in  the 
well  crystallised  grain  of  the  catalyst.  The  presence  of  the  CoFe204  structure  in  the  system 
is  put  in  to  evidence  by  the  magnetic  susceptibility  measurement.  Because  the  lattice 
parameters  of  the  Fe304  and  CoFe204  are  nearly  equal,  the  diffraction  data  and  the  moire 
fringes  are  identical  with  the  situation  of  C03O4  precipitate  in  CoFe204  matrix,  system 
which  is  known  for  the  spinodal  decomposition.^  This  situation  is  not  real,  because  the 
EDXS  spectra  show  in  all  the  analysed  samples,  a  smaller  concentration  of  Co  in  the 
catalyst  grains  than  in  the  CoFe204  etalon  sample. 


5  CONCLUSIONS 

The  introduction  of  Co  in  the  magnetite  prepared  as  ammonia  catalyst,  leads  to  the 
formation  of  a  bigger  density  of  structural  defects  in  the  crystalline  lattice  of  the  material, 
working  in  the  sense  of  requirements  for  catalytic  promoter.  However,  Co  atoms  are 
concentrated  in  the  well  crystallised  catalyst  grains  growth  in  the  solidification  process  and 
a  nanometric  coherent  precipitation  appear,  if  the  average  concentration  of  Co  is  bigger 
than  10  a.%. 
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Samples  of  CdS  doped  silica  thin  films  have  been  prepared  with  weight  concentrations  ranging  from  0.5  to  20% 
(CdO/SiOz).  Nanocrystal  structure  and  size  distribution  are  determined  by  Transmission  Electron  Microscopy 
(TEM)  and  image  analysis.  The  mean  size  is  the  same  for  all  concentrations  (4  nm)  and  is  related  to  the  matrix 
porosity.  The  linear  absorption  shows  characteristic  features  of  the  excitonic  level  and  the  gap  blue  shift  due  to  the 
quantum  confinement.  Non-linear  optical  properties  are  studied  by  Degenerate  Four  Waves  Mixing  (DFWM)  to 
measure  the  third  order  susceptibility  which  is  high  (typically  10"^  esu)  and  depends  linearly  of  the  volume 
fraction  of  the  semiconductor  particles. 

Key  words:  sol-gel,  thin  films,  CdS,  semiconductor  nanocrystals,  non-linear  optics. 


1  INTRODUCTION 

Commercially  available  semiconductor  doped  silica  glasses  were  among  the  first  ones  to 
be  investigated  for  non  linear  optical  properties  related  with  ultrasmall  and  confined 
semiconducting  particles. These  glasses  have,  however,  a  very  complicated  chemical 
composition.  We  have  chosen  to  use  the  sol  gel  technique  to  prepare  silica  glass  as  this 
method  allows  to  obtain  ultra-pure  host  matrices  for  the  nanocrystals.  It  is  also  possible  to 
dope  these  sol-gel  glasses  with  large  concentrations  of  semiconductor.  Finally,  materials  of 
good  optical  quality  and  which  are  not  damaged  by  intense  laser  beam  irradiation  have 
been  prepared. 

In  this  paper,  after  a  brief  report  of  the  preparation  method  and  of  the  structural 
characterization,  we  will  present  main  results  of  measured  optical  properties. 


2  SAMPLES  PREPARATION 

Among  the  various  techniques  employed  from  sol-gel  route  to  obtain  thin  films,  the 
dip-coating  method  gives  homogeneous  samples.  The  solution  used  to  prepare  thin  films 
is  composed  by  the  mixing  of  three  components  in  the  following  ratios  :  1  mole 
of  TetraEthylOrthoSilicate  (TEOS),  5  moles  of  H2O,  2x10"^  moles  of  HCl,  29  moles  of 
Ethanol.  5x10“^  moles  of  cadmium  is  added  in  this  solution  from  a  methanol  solution 
of  hydrated  cadmium  acetate  to  obtain  a  1%  wt  CdO/Si02  concentration. 

The  dipping  system  is  classical  and  has  already  been  described."^ 

The  substrate — a  clean  microscope  slide — is  introduced  in  the  solution  at  low  speed, 
and  after  a  short  period  of  time  necessary  to  eliminate  any  mechanical  vibration,  is 
withdrawn  vertically  at  a  speed  adjusted  between  10  and  40  mm/mn  depending  of  the 
thickness  desired. 

It  is  necessary  to  smoothly  remove  liquids  held  in  the  film,  eliminate  the  carbon 
compounds  stored  in  the  pores  and  harden  the  coating.  Then,  the  sample  is  slowly  put  at 
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FIGURE  1  HRTEM  micrograph  of  a  CdS  nanocrystal  in  silica  thin  film. 


100°C,  kept  for  15  minutes  at  this  temperature,  and  treated  at  450°C  in  oxygen  atmosphere 
during  5  minutes. 

The  coating  is  now  submitted  to  a  thermal  treatment  in  H2S  flow,  at  200°C  for  2  hours, 
to  precipitate  the  CdS  nanocrystals. 


3  STRUCTURAL  CHARACTERIZATION 

Thin  samples  are  obtained  by  grinding  the  silica  films:  electron  microscopy  was  carried  out 
at  conventional  (CTEM)  and  high  resolution  (HRTEM)  with  a  JEOL  200CX  electron 
microscope.  CTEM  was  used  to  observe  sufficiently  large  area  of  the  edge  of  powder 
grains  to  measure  size-distributions.  The  mean  size  for  all  concentrations  studied  is  4  nm 
and  seems  to  be  governed  by  the  matrix  porosity.^ 
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FIGURE  2  Absorption  spectra  at  room  temperature  of  samples  with  different  volume  fractions  of  CdS 
nanocrystallites  dispersed  in  a  sol-gel  silica  glass. 


Figure  1  gives  a  typical  example  of  a  CdS  nanocrystal  as  visualised  by  HRTEM.  The 
hexagonal  structure  (wuntzite)  of  bulk  CdS  is  observed  on  all  the  analysed  nanocrystals 
with  the  same  lattice  constant  as  the  bulk. 


4  OPTICAL  PROPERTIES 

The  linear  and  non  linear  optical  properties  of  CdS  doped  thin  film  glasses  prepared  by  the 
sol  gel  method  described  above  have  been  characterized  as  a  function  of  the  CdS 
concentration. 

4.1  Linear  Optical  Properties 

The  linear  absorption  spectra  with  different  concentrations  of  CdS  have  been  measured 
with  a  double  beam  Caiy  2300  spectrophotometer  at  room  temperature. 

The  different  spectra  obtained  are  summarized  in  Figure  2,  together  with  the  absorption 
spectrum  of  bulk  CdS  allowing  an  immediate  comparison.  They  show  an  offset  of 
absorption  which  is  blue-shifted.  The  absorption  spectra  correspond  to  the  electronic 
excitations  of  the  quantum  dots  (QD)  of  CdS  dispersed  in  a  glass  matrix,  for  different 
concentrations  of  the  semiconductor.^ 

In  our  case  QD  radius  is  about  2  nm  compared  to  3  nm  for  Bohr  excitonic  radius  in 
bulk  CdS  and  the  confinement  induces  a  quantization  of  electron  and  hole  kinetic  energies 
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FIGURE  3  Third  order  non  linear  susceptibility  as  a  function  of  the  concentration  of  CdS  at  room 
temperature. 


and  particularly  of  electrons  because  of  their  small  effective  mass  (m*  =  0.2  mo)  while 
quantization  of  hole  energies  can  be  neglected  in  a  first  approximation.  The  absorption  due 
to  the  transition  between  the  levels  of  the  holes  and  the  first  level  of  electrons  is  therefore 
blue-shifted  compared  to  the  absorption  edge  of  the  bulk  CdS  as  can  be  seen  on  Figure  2, 
the  large  broadening  of  these  transition  bands  being  mainly  due  to  the  size-dispersion  of 
the  QD. 

4.2  Non  Linear  Optical  Properties 

Degenerate  Four  Waves  Mixing  (DFWM)  has  been  studied  in  these  CdS  doped  silica  film 
samples  using  a  two  beam  geometrical  configuration.^  The  light  source  was  a  tuneable  dye 
laser  with  Coumarin  120  in  methanol  as  active  medium,  pumped  by  a  train  of  twelve  third 
harmonic  pulses  of  a  mode-lock  Nd^'^iYag  laser.  Single  light  pulses  of  almost  Gaussian 
spatial  intensity  distribution  (maximal  intensity  of  100  kW/cm^),  of  a  duration  of  20  ps  and 
a  spectral  width  of  0.3  meV  are  obtained  and  used.  The  beams  generated  in  the  sample  by 
self  diffraction  were  sent  in  a  spectrograph  through  a  two  lenses  system,  and  recorded  by 
an  optical  multichannel  analyser.  The  third  order  susceptibility  at  room  temperature 
has  been  determined  at  440  nm  from  the  value  of  the  self-diffraction  efficiency.^  The 
values  of  x^^^  obtained  are  plotted  in  Figure  3  for  the  different  values  of  the  volume 
fraction  f.x^^^  varies  linearly  with  f  as  follows: 

X^^^  -  0.55  10-^f4-0.68  10“^  esu 


f  being  volume  fraction  of  CdS 
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This  linear  variation  of  a  function  of  f  supposes  that  the  nonlinearity  of  the 

different  monocrystals  of  the  same  radius  (2  nm)  does  not  vary  with  the  concentration. 


5  DISCUSSION 

Few  measurements  of  x^^^  were  made  on  pure  CdS  nanocrystals^  but  mostly  on  CdSx 
Sei_x  ones  with  different  values  of  x.  At  first,  commercial  colored  filters  were  studied.^  It 
is  only  these  last  years  that  new  methods  of  glass  preparation  have  developed,  like  the  sol- 
gel  technique,  to  have  a  better  control  of  the  purity  of  samples.^®  In  all  the  experiments, 
values  of  x^^^  ranging  from  10"^  to  10“^  esu  were  measured  in  conditions  of  resonant 
excitations.  It  is  difficult  to  compare  the  values  of  x^^^  obtained  in  such  experiments 
because  they  depend  on  many  variable  parameters  :  the  absorption  of  samples,  the  different 
matrices,  the  concentration  of  nanocrystals,  their  size^^  and  may  be  the  temporal  regime  of 
experiments. 


6  CONCLUSION 

By  a  sol-gel  technique,  we  have  prepared  ultra-pure  silica  glass  in  thin  film  form  doped 
with  high  concentrations  of  CdS  nanocrystallites  of  constant  mean  radius.  The  optical 
properties  of  these  CdS  doped  thin  films  have  been  studied  as  a  function’ of  the  CdS 
volume  fraction.  The  non-linearity  of  the  nanocrystallites  is  independent  of  the 
concentration,  up  to  the  highest  concentration  under  investigation. 
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EPR  STUDY  OF  THE  HOLE  PARAMAGNETIC  CENTER 

IN  C70  FULLERITE 

L.  S.  SOCHAVA,^  V.  S.  VIKHNIN/  Yu.  S.  GRUSHKO,^  S.  N.  KOLESNIK^ 
and  M.  V.  KORNIENKO' 

'A.  F.  Ioffe  Physical-Technical  Institute,  19402 1  St.-Petersburg,  Russia;  ^Nuclear  Physics 

Institute,  188350  Gatchina,  Russia 

The  hole  paramagnetic  center  (S  =  1/2,  g  =  2.0028)  was  observed  in  undoped  C70  fullerite  for  the  first  time.  It 
was  shown  that  the  possible  model  of  this  center  is  C6o''’“hole  center  with  charge  compensation  at  the  surface. 

Key  words:  fullerite,  hole  center,  EPR. 

Up  to  now,  EPR  spectra  of  C70  fullerite  have  been  detected  only  after  doping  it  with 
alkaline  metals,^  the  doping  resulted  in  electron  transfer  from  a  metal  atom  to  a  C70 
molecule.  In  this  paper  we  report  on  the  detection  of  an  EPR  signal  in  undoped  C70 
fullerite. 


1  PARAMAGNETIC  HOLE  CENTER  IN  (C7o)i_^(C6o)x  FULLERRITE 

1.  Polyciystalline  C70  powder  was  obtained  using  a  standard  technic.  It  was  separated  by 
liquid  chromatography  from  a  toluene  extraction  of  the  soots  produced  by  arc  heating  of 
graphite  at  600  Ton*  in  helium  atmosphere.  The  concentration  of  impurity  C60  molecules 
estimated  from  the  Raman  scattering  spectra  was  about  0.5%  in  the  purest  samples.^ 

A  single  EPR  line  with  g  =  2.0028  ih  0.0002  and  width  (1. 1-1.6)  Oe  was  detected  in 
C70  samples.  Both  g-factors  and  the  line  width  remain  constant  over  the  temperature  range 
1.8-300  K.  The  paramagnetic  center  concentration  is  about  LIO"^  spin  per  C70  molecule. 

An  unexpected  feature  of  the  EPR  signal  is  the  remarkable  dependence  of  the  center 
concentration  on  the  gas  atmosphere.  A  reduction  of  the  air  pressure  from  normal  to 
3 -10"^  Torr  decreases  the  center  concentration  by  half.  Note  that  the  pressure  rise  produces 
a  faster  change  in  the  center  concentration  than  the  pressure  decrease. 

2.  It  has  been  found  experimentally^  that  electron  transfer  between  Ceo  and  C70 
molecules  takes  place  in  the  solid  solution  (C6o)i_x(C7o)x  is  accompanied  by 
production  of  paramagnetic  centers  of  two  types  and  by  a  rise  in  electric  conduction.  Two 
EPR  signals  observed  in^  (a  narrow  one,  with  g  =  2.002  and  a  broad  one,  with  g  —  2.0034) 
may  be  produced  by  negatively  (Ag  <  0)  and  positively  (Ag  >  0)  charged  fullerene 
molecular  ions,  respectively.  Taking  into  account  the  g-value  =  2.002  of  the  EPR  signal  in 
KxC7o  which  should  attributed  to  C7o“,  we  may  assume  that  the  charge  exchange  in  the 
(C6o)i_x(C7o)x  solid  solution  occurs  in  accordance  with 

Ceo  +  C70  — ^  +  C70  (1) 

This  means  that  the  narrow  signal  in^  was  produced  by  C70”  and  the  broad  one  by  Cao'*'- 
Suppose  a  similar  charge  transfer  takes  place  in  the  case  of  solid  solution  (C7o)i_x 
(C6o)x»  accordance  with  (1)  too.  It  should  be  pointed  out  that  the  measured  g~factor 
(g  =  2.0028)  agrees  within  the  experimental  error  with  the  g-factor  of  the  ion  in  the 
solution  "^(2.0030)  and  is  close  to  that  of  the  line  arising  in  €50  fullerite  after  doping 
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Temperature  dependence  of  EPR  line  intensity 


FIGURE  1  Temperature  dependence  of  EPR  line  intensity.  Solid  curve  is  a  result  of  fitting  by  the  expression: 
Ypp  =  (b+c-exp(-A/T)a/r. 


with  bromine^  (2.0026)  or  iodine^  (2.0038).  These  data  support  our  assumption  that  the 
Ceo^  molecular  ion  is  responsible  for  the  detected  EPR  signal. 

The  clear  dependence  of  the  paramagnetic  center  concentration  on  the  air  atmosphere 
suggests  an  essentially  nonlocal  charge  compensation  in  this  case.  The  oxygen  atoms 
adsorbed  at  the  sample  surface  are  apparently  acceptors^  which  trap  extra-electrons  from 
C70  molecules.  As  a  result,  the  positive  charge  of  Ceo'*'  ions  is  compensated  by  the  surface 
negative  charge.-  Thus,  only  one  type  of  paramagnetic  center  appears  in  fullerene 
molecules,  C6o''',  whose  line  is  observed  in  our  experiments.  The  detected  sensitivity  of  the 
spectrum  intensity  to  air  environment  should  be  attributed  to  the  changing  conditions  for 
charge  compensation  at  the  sample  surface,  which  leads  to  a  change  in  the  C6o'^ 
concentration  in  the  sample  bulk. 

We  may  conclude  that  the  existence  of  the  060"^  hole  center  is  associated  with  long 
range  charge  compensation  due  to  localized  charge  states  at  the  surface. 


HOLE  CENTER  IN  C70  FULLERTTE 
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2  UNCOMMON  TEMPERATURE  DEPENDENCE  OF  THE  HOLE  CENTER 
SPECTRUM  INTENSITY 

A  reversible  increase  of  the  spectrum  intensity  was  detected  when  a  C70  sample  was  heated 
above  150°C.  The  sample  was  placed  in  an  evacuated  quartz  ampule  (10“^  Torr),  inserted 
into  the  spectrometer  cavity.  TTie  spectrum  intensity  increases  doubly  in  the  temperature 
range  of  150-300°C,  while  the  line  width  remains  constant.  This  rise  can  be  described  by 
the  exponent  with  activation  energy  of  A  =  0.34  ib  0.05  eV  (Figure  1). 

The  discussed  effect  can  be  caused  by  the  correlation  of  the  number  of  Ceo'*'  centers  and 
the  number  of  charged  centers-compensators  at  the  sample  surface.  The  charge  transfer 
from  Ceo  molecule  to  the  surface  center,  which*  becomes  a  compensator  as  the  result,  is  a 
transition  of  a  pair  of  centers  under  consideration  to  the  excited  state.  We  believe  that 
corresponding  excitation  energy  is  equal  to  0.34  eV. 

Thus  the  energy  of  0.34  eV  can  be  attributed  to  the  energy  of  charge  transfer  from  Ceo 
to  the  surface  center. 

This  research  is  supported  by  the  Russian  State  Program  ‘Fullerenes  and  Atomic 
Clusters.  ’(Project  ‘Oscillator’.) 
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CARBON  NANOSTRUCTURES  IN  IMPLANTED 
NONCONJUGATED  POLYMERS 

O.  YU.  POSUDIEVSKY 

L.  V.  Pisarzhevsky  Institute  of  Physical  Chemistry  of  National  Academy  of  Sciences  of 
Ukraine,  Prospect  Nauki  31,  Kiev  252039,  Ukraine 

Nanosized  carbon  7r-clusters  have  been  identified  in  implanted  nonconjugated  polymers  by  means  of  small  angle 
X-ray  scattering.  The  consistency  of  obtained  numerical  data  with  results  of  optical  absorption  spectra  analysis 
and  measurements  of  electrical  conductivity  has  been  shown. 

Key  words:  implantation,  X-ray  scattering  nanosized  7r-clusters. 


1  INTRODUCTION 

Ion  implantation  into  nonconjugated  polymers  is  known  as  one  of  alternative  routes  for 
conducting  polymer  preparation.  It  is  generally  considered  that  novel  electronic  properties 
of  implanted  polymers — the  red  shift  of  optical  absorption,  increase  of  the  bulk  plasmon 
energy,  appearance  of  electrical  conductivity  in  accordance  with  insulator-conductor 
transition,  and  so  on — ^result  from  the  formation  of  disordered  carbon  network  containing 
TT-bonded  carbon  enriched  zones  -  7r-clusters.^“^  To  our  knowledge,  the  existence  of 
TT-clusters  has  not  been  proven  directly.  Therefore,  the  purpose  of  this  paper  was  to  verify 
them  in  implanted  polymers  by  means  of  small  angle  X-ray  scattering.  The  consistency  of 
obtained  numerical  estimates  with  results  of  optical  absorption  spectra  analysis  and 
measurements  of  electrical  conductivity  has  been  considered. 


2  EXPERIMENTAL 

Implantation  of  100  keV  Ar+  into  0.5  mm  thick  polyethylene  foil  and  50  keV  F"**  into 
25  pm  thick  polypropylene  film  has  been  carried  out  at  a  fluence  of  1  •  10^^  ions/cm^  and  a 
beam  density,  to  prevent  the  polymers  from  thermodestruction,  about  0.2  /xA/cm^.  The 
pressure  of  residual  air  was  about  10“^  torr.  The  curves  of  angle  dependence  of  X-ray 
scattering  have  been  received  using  a  small  angle  goniometer  AMUR-1  connected  with 
registing  equipment  and  control  unit  of  DRON-4  diffractometer  (CuXq, -irradiation,  tube 
regime— 40  keV,  30  mA).  The  obtained  data  subjected  to  procedures  of  smoothing, 
background  subtraction,  and  collimation  correction"^  are  represented  in  Figure  1.  The 
measurements  of  reflection  and  transmission  coefficients  have  been  performed  in  the  range 
1. 3-4.0  eV  with  a  double  beam  M-40  spectrophotometer.  Tlie  calculated  energy 
dependence  of  absorption  coefficient^’^  is  depicted  in  Figure  2.  A  routine  four  point 
probe  method  has  been  used  for  determination  of  electrical  conductivity  of  implanted 
layers. 


3  RESULTS  AND  DISCUSSION 

The  curves  of  X-ray  scattering  in  Figure  1  are  similar  for  all  studied  polymers.  The  first 
peak  in  the  range  0.5 -2.0°,  displaying  by  pristine  and  implanted  polymers,  reflects  the 
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FIGURE  1  X-ray  scattering  in  pristime  (solid  curve)  and  implanted  (dotted  curve)  polyethylene  (1)  and 
polypropylene  (2). 


partial  crystallinity  of  the  samples.  The  position  of  peak  maximum  determines  the  mean 
distance,  D,  between  adjacent  crystalline  regions  (table  I)  separated  by  amorphous  gaps 
with  lower  electron  density.  The  decrease  of  intensity  for  implanted  polypropylene  (IPPr) 
provides  evidence  that  ion  bombardment  modifies  the  morphological  structure  of  the 
polymer.  The  absence  of  such  changes  for  implanted  polyethylene  (IPE)  is  probably  due  to 
too  thick  PE  foil,  so  that  possible  changes  have  not  been  detected  by  the  used  equipment.  It 
should  be  noted  that  numerical  estimates  here  will  become  possible  when  the  samples  with 
the  thickness  less  than  the  projected  ion  range  will  have  been  studied. 

It  follows  from  Figure  1  that  ion  implantation  leads  to  the  appearance  of  the  new  peak 
in  the  range  4.0 -6.5°.  The  peak  is  not  so  distinct  as  the  first  one,  nevertheless  it  is  reliably 
established.  This  maximum  in  X-ray  scattering  reflects  the  presence  of  regions  with  higher 
electron  density  in  implanted  polymer  layer  that  suggests  the  appearance  of  multiple  bonds 
between  carbon  atoms,  i.e.  formation  of  7r-bonded  structures — ^Tr-clusters  introduced 
earlier.  Supposing  uniform  distribution  of  these  clusters  in  material  and  interference 
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FIGURE  2  Tauc  plots  for  implanted  polyethylene  (1)  and  polypropylene  (2). 


between  them,  one  may  estimate  the  mean  distance,  d,  between  the  centers  of  adjacent 
TT-clusters  in  terms  of  the  most  real  approximation  of  liquid-like  clusters  arrangement: 

l^d  =  7.73. 

A 

The  results  are  presented  in  table  I  indicating  that  7r-clusters  are  medium-range  order 
structures  with  nanometric  dimensions. 

The  mean  size  of  7r-clusters  may  be  determined  by  means  of  optical  spectroscopy  using 
relationship  between  the  value  of  optical  gap,  Eq,  and  the  diameter  of  compact  aromatic 
TT-cluster,  In  Figure  2  the  energetic  dependence  of  absorption  coefficient,  oi{E),  is 
represented  in  coordinates  linearizing  the  Tauc  equation: 

-  Eo), 

and  the  corresponding  8  values  are  inserted  in  table  L  Comparing  d  and  6,  one  may 
conclude  that  different  experimental  techniques  give  consistent  results.  The  validity  of 
approximations  used  for  interpretation  of  X-ray  scattering  also  follows  as  the  distance 
between  7r-clusters  boundaries,  d—8,  is  much  less  than  their  diameter. 

Table  I  shows  that  the  size  of  7r-clusters  in  IPPr  is  less  than  in  IPE  while  the 
conductivity  is  one  order  higher.  First  of  all,  it  is  reasonable  that  F**"  implantation  leads  to 
smaller  7r-clusters  as  the  F"^  mass  is  two  times  less  than  the  Ar’*'  mass.  The  higher 
conductivity  of  IPPr  is  mainly  due  to  the  doping  effect  and  the  greater  quantity  of  TT- 
clusters.  Really,  accordingly  to  disordered  solids  theory,^  the  value  of  coefficient  B  is  the 
greater  the  more  7r-clusters  are  present  in  polymer  matrix.  So,  the  less  number  of  7r-clusters 
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in  IPE  in  comparison  with  IPPr  and  nearly  equal  their  sizes  lead  to  greater  distances 
between  cluster  boundaries  and  accordingly  less  conductivity.  This  fact  is  consistent  with 
X-ray  scattering  data  which  show  that  d—bfor  IPE  is  two  times  greater  than  that  for  IPPr. 


TABLE  I 

Structural,  optical,  and  electrical  characteristics  of  implanted  polyethylene  and  polypropylene 


20,  degree 

D,nm 

d,nm 

B,  eV-‘cm-i 

6,  nm 

cr,  S/cm 

DPE 

0.8 

12.1 

_ 

4.7 

- 

2.3 

6.7-10“ 

1.8 

2.0  10“^ 

IPPr 

1.5 

6.5 

_ 

5.6 

- 

1.9 

l.MO^ 

1.6 

6.5-10-3 

4  CONCLUSION 

The  high  fluence  ion  implantation  into  nonconjugated  polymers  leads  to  the  formation  of 
disordered  carbonaceous  material  which  electronic  properties  are  controlled  by  type  of 
bonding  between  carbon  atoms.  The  consequence  of  volatile  polymer  fragments  release  is 
appearance  of  unsaturated  bonds,  their  agglomeration,  and  formation  of  7r-clusters.  The 
last  as  seen  by  small  angle  X-ray  scattering,  are  of  nanometric  size.  These  numerical 
estimates  are  in  good  agreement  with  the  data  of  optical  absorption  spectroscopy  and  the 
conductivities  of  studied  implanted  polymers. 
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COMPENSATION  EFFECTS  IN  C^,  DOPED  BY  ION 
IMPLANTATION 

P.  TROUILLAS,  B.  RATIER  and  A.  MOLITON 

Lepofi  -  Faculte  des  sciences— 123,  avenue  Albert  Thomas,  87060  Limoges  Cedex 

We  have  studied  electrical  transport  phenomena  after  ion  implantation  in  sublimed  Ceo  films.  A  n  type  doping 
exists  with  30  KeV  potassium  ion  irradiations  and  low  fluences  (D  <  lO^^ions/cm^).  However  degradation  effects 
have  been  noted.  So  we  have  tried  to  discriminate  doping  and  damage  effects.  Studies  about  the  compensation 
phenomenum  have  been  performed  in  order  to  prove  the  chemical  role  of  the  potassium  atoms.  An  electron 
transfer  from  the  alkali  metal  is  sure;  but  a  strong  competition  exists  between  degradation  and  doping  phenomena. 
Finally,  the  intact  Ceo  molecules  are  the  insulator  barriers,  K3C60  and  isolated  carbon  atoms  are  the  conductor 
phase  for  an  heterogeneous  media  model. 

Key  words:  Ceo,  ion  implantation,  doping,  degradation,  thermopower. 


1  INTRODUCTION 

Solid  C60  is  well  known  as  an  intrinsic  insulator  {a  »  for  Ceo  films^). 

Energy  gap  separating  the  HOMO  (highest  occupied  molecular  orbital)  band  and  the 
LUMO  (lowest  unoccupied  molecular  orbital)  band  is  about  1.5  eV.^’^  Doping  of  fullerene 
(Ceo)  with  alkali  metal  like  potassium  (K),  rubidium  (Rb)  and  cesium  (Cs)  leads  to  an 
electron  transfer.  Then  Ceo  becomes  a  conductor  with  a  Fermi  gas  containing  the  free 
electrons  of  the  alkali  atoms.  Although  chemical  doping  has  been  essentially  used,^  ion 
implantation  is  an  alternative  technique  studied  by  some  groups.^’^  In  this  case  the  main 
problem  is  the  degradation  induced  by  the  energetic  ions  (E  >  30  keV).  So  we  try  to 
discriminate  damage  and  doping  during  implantation  of  the  solid  Ceo-  Doping  reversibility 
and  compensation  effects  are  also  discussed  to  prove  chemical  role  of  the  potassium  atoms. 


2  EXPERIMENTAL 

We  have  deposited  thin  films  of  sublimed  Ceo  with  an  evaporator  Edwards  Auto  306.  The 
powder  of  pure  Ceo  (99,9%)  is  warmed  up  at  around  740  K,  Cleaned  substrates  are 
warmed  up  at  around  400  K  to  help  reorganization  of  the  molecules.  Sublimation  is 
performed  under  a  lO'^mbar  vacuum.  The  obtained  films  have  a  thickness  of  about 
100  nm.  Ultraviolet  and  Raman  spectra  have  been  performed  so  as  to  control  the  fullerene 
structure. 

An  HVEE  400  kV  accelerator  was  used  and  for  the  study  of  the  doping  reversibility,  the 
implantation  energy  is  fixed  at  30  keV  where  chemical  effects  are  already  observed.*^ 
Current  density  of  the  ion  beam  is  j  =  0.2  with  this  low  value,  local  heating 

remains  weak.  Another  important  parameter  is  the  fluence  D;  it  corresponds  to 
concentration  x  of  doping.  First  implantation  has  been  realized  with  a  fluence 
D  =  5.10^"^  ions/cm^,  since  at  this  fluence  thermopower  S  has  higher  values  with  both 
samples  implanted  firstly  with  K+  or  Br+.  A  second  ion  implantation  (Br+  or  K+)  thus 
leads  to  thermopowers  which  may  be  easily  compared  as  a  function  of  ion  implantation 
order.  Furthermore,  this  fluence  remains  low  enough  to  prevent  important  sputtering  of  the 
material:  thin  films  vanish  after  implantations  with  high  fluences  (D  >  10^^  ions/cm^). 
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However,  much  lower  fluences  would  not  be  reasonable  since  they  would  give  samples 
with  very  low  conductivity  and  thermopower  measurements  would  lead  to  meaningless 
results. 

Conductivity  was  measured  by  four-probe  method.  Calculation  of  conductivity  a  used 
the  thickness  of  the  implanted  zone  which  is  calculated  by  the  TRIM  91  program. 
Thermopower  measurements  have  been  performed  with  the  method  of  the  heating  probe. 
Automation  has  been  previously  reported  by  Moliton  et  al}  Measurements  of  S  versus 
temperature  used  another  technique.  Contacts  have  been  realized  with  an  epotecny  resin 
charged  with  silver.  This  method  prevents  the  strains  due  to  the  study  in  a  large 
temperature  range. 


3  COMPENSATION  EFFECT  IN  Ceo 

3.1  Summary  About  Transport  Phenomena  In  Doped  Ceo 

It  is  important,  now,  to  remind  some  electrical  properties  of  Ceo  doped  by  chemical  doping 
and  first  results  of  ion  implantation. 

Chemical  doping  of  Ceo  with  alkali  metals  gives  a  conductor."^  Electron  affinity  of  the 
Ceo  molecule  is  quite  important,  and  electron  transfer  from  alkali  metals  is  easy  and 
performed  a~n  doping.  On  the  other  hand  the  Ceo  molecule  has  a  large  ionization  potential^ 
and  p  doping  is  difficult.  Indeed,  during  doping  process,  formation  of  metallic  grains  have 
been  observed:  the  atoms  of  potassium  bind  with  the  Ceo  molecule  in  order  to  fill  the  tiu 
state  which  is  the  lowest  unoccupied  molecular  orbital  of  Ceo*^^  The  LUMO  band 
corresponding  to  the  tiu  state  is  half  occupied  (and  becomes  a  conduction  band)  with  3 
alkali  atoms  per  Ceo  molecule:  we  have  an  electronic  structure  characteristic  of  a  metal. 
The  formation  of  KsCeo  grains  arrives  in  the  vicinity  of  defects  zone  and  finally  KxCeo 
appears  as  a  heterogeneous  medium  with  metallic  islands  (K3Ceo)  separated  by  insulator 
phase.  Such  a  model  have  been  theoritically  described  by  A.B.  Kaiser: conductor  paths 
separated  by  thin  barriers  modelized  the  transport  phenomena  (Figure  1).  In  this  case, 
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FIGURE  2  Curve  S  =  f(D)  showing  the  doping  reversibility. 

■  from  p  type  to  n  type  conduction. 

A  from  n  type  to  p  type  conduction. 

conductivity  is  thermally  activated  and  characteristic  of  hopping  or  tunnelling,  whereas 
thermopower  is  characteristic  of  the  metallic  phase  (giving  a  non  thermally  activated 
thermopower  S  whose  values  are  small:  IS  I  10  fiY/K). 

By  ion  implantation,  Kastner  et  al  show  formation  of  an  amorphous  carbon  layer  (a-C) 
and  a  buried  doped  Ceo  only  in  the  case  of  implantation  at  high  temperature.^  More 
recently  we  have  performed  another  electrical  study  of  implanted  Ceo  tho  comparison 
with  chemical  doping  is  fine:  we  obtain  high  thermally  activated  conductivity  and 
thermopower  sign  is  negative  with  alkali  ions  and  characteristic  of  its  chemical  nature:  this 
n  conduction  involves  electron  transport  just  below  the  Fermi  level.  However,  ion 
implantation  with  argon  gives  some  non-negligible  conductivities  showing  degradation 
effects.  In  fact,  to  confirm  doping  effects  with  chemical  active  ions  (alkali  or  halogen)  we 
propose  new  experiments  based  on  the  modification  of  the  S  sign  versus  the  order  of  the 
ions  implantation  (first  with  halogen  ions  and  then  with  alkali  ions,  or  the  opposite). 

3.2  Results 

At  first  we  have  realized  an  ion  implantation  of  bromine  (Br)  at  30  keV  and  5. 10^"^  ions/ 
cm^.  A  p  type  doping  was  then  obtained  with  a  thermopower  S  =  +6  //V/K.  Then 
successive  fluences  have  been  used  for  ion  implantation  of  potassium.  We  observed 
evolution  of  thermopower  S  with  the  fluence  of  K+  (Figure  2).  A  change  of  S  sign  occurs 
as  soon  as  small  fluences:  D  =  5.10^^  ions/cm^.  Hence  we  have  obtained  a  change  in  the 
conduction  type,  from  p  type  to  n  type  conduction.  This  rapid  change  shows  effective 
compensation  phenomenum  of  the  initial  p  doping  (Br"^  ion  implantation)  by  potassium. 
Next,  for  the  highest  potassium  fluences,  thermopower  S  becomes  again  positive.  This 
effect  is  probably  due  to  degradations  which  induced  usually  a  p  type  conduction^^  as 
observed  with  non  chemically  active  ions  (and  mentioned  previously  with  argon  ions). 
With  high  implantation  parameters  we  can  destroy  the  Ceo  molecules,  breaking  7r-bonding 
or  cr-bonding  and  destroy  totally  the  Ceo  molecules  too. 
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Secondly  we  have  performed  an  initial  n  doping:  a  first  implantation  of  potassium  at 
30  keV  and  D  =  5.10’'*  ions/cm^  gives  a  thermopower  S  =  -18  juV/K.  Then  ion 
implantation  with  bromine  and  successive  fluences  have  been  performed.  The  change  of  S 
sign  occurs  only  at  high  fluences  of  bromine.  In  this  case,  and  according  to  the  evolution  of 
the  curve  S  =  f(D)  (Figure  2),  the  change  of  the  conduction  type  is  probably  due  to 
degradation  effects  and  not  to  compensation  phenomena. 

3.3  Discussion 

Briefly,  we  have  seen  that  chemical  role  of  the  potassium  is  important  and  doping  effect  is 
evident.  With  30  keV  ion  implantation  and  low  fluences  we  have  a  n  type  conduction  with 
thermopower  S  clearly  negative.  In  addition,  the  compensation  effect  prove  the  chemical 
role  of  the  potassium.  As  potassium  is  an  electron  donor  and  taking  account  of  the  electron 
affinity  of  the  C^o  molecule,  some  electrons  of  the  chemical  donor  (K)  jump  on  intact  Ceo 
spheres  to  induce  a  n  type  transport.  However  electrical  phenomena  induced  by  ion 
implantation  of  solid  Ceo  is  not  reduced  to  only  one  process. 

Xenon  ion  implantation  at  320  keV  have  been  performed  by  Kalish  et  aL\^  they 
conclude  upon  the  total  destruction  of  the  C^o  molecules  by  the  ions.  No  residual  fragment 
exist  after  a  collision  between  an  ion  and  a  molecule;  then  isolated  carbon  atoms  are 
dispersed  among  the  remaining  intact  Ceo  molecules  and  carbon  atoms  behave  like 
hopping  centers  between  insulator  medium  for  electrical  transport. 

With  30  keV  ion  irradiation  we  note  also  the  degradation  effect;  for  example,  we  notice 
a  measurable  conductivity  with  argon  ion,  amorphous  carbon  layer  by  Raman  spectro¬ 
scopy  and  a  p  type  conduction  with  high  fluences  of  K  ion  implantation.  Destruction  of  the 
Ceo  molecules  creates  free  bondings  which  are  responsible  of  the  formation  of  energy 
states  below  the  Fermi  level  and  of  the  p  type  conduction  as  during  implantation  of 
polymers  with  high  parameters. 


4  CONCLUSION 

We  have  a  strong  competition  between  doping  and  damaging.  With  low  fluences  of 
potassium  the  transport  phenomena  are  governed  by  two  effects.  Firstly,  an  electron 
transfer  between  alkali  atoms  and  remaining  intact  molecules.  It  is  responsible  of  the 
negative  thermopower.  Secondly,  the  destruction  of  Ceo  molecules  to  form  isolated  sites 
with  carbon  atoms.  This  effect  is  important  and  very  effective.  In  all  cases  some  intact 
molecules  stay  neutral  to  insure  the  insulator  phase.  A  heterogeneous  media  model  can  be 
used  to  explain  the  thermally  activated  conductivity  and  the  non  thermally  activated 
thermopower. 
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HIGH  TEMPERATURE  BEHAVIOUR  OF 
THERMOELECTRIC  POWER  OF  IMPLANTED 
POLYMER  FILMS 


C.  MOREAU,  B.  RATIER,  A.  MOLITON  and  B.  FRANCOIS 

LEPOFI — Faculte  des  Sciences,  123,  avenue  Albert  Thomas  87060  LIMOGES  CEDEX — 
FRANCE;  *lnstitut  Charles  Sadron  (CRM-EAHP)  (CNRS)  6,  rue  Boussingault — 67083 
STRASBOURG  CEDEX— FRANCE 

The  results  of  thermopower  S  measurements  performed  on  implanted  polyparaphenylene  and  polyimide  films 
between  150  K  and  450  K  are  presented.  The  implantations  of  Caesium  or  Iodine  ions  in  polyparaphenylene  with 
low  parameters  induce  a  sign  of  S  characteristic  to  chemical  nature  of  the  implanted  ions  and  an  increase  of  ISI  at 
around  350  K  due  to  a  transition  from  a  VRH  process  to  a  polaronic  conduction.  With  Iodine  implanted  sample  at 
higher  energy  (E  =  250  keV)  and  low  dose  (D  =  2  x  10^^  ions/cm^)  a  transition  from  p  type  to  n  type  doping  at 
400  K  is  attributed  to  a  migration  of  negative  oxygen  ions  as  in  the  case  of  polyimide  samples  implanted  with 
Caesium  and  Iodine  ions  where  a  similar  behaviour  of  S  is  found. 

Key  words:  Thermopower,  Conductivity,  Implantation,  Polymer. 


1  INTRODUCTION 

The  transport  phenomena  of  implanted  electroactive  polymers  have  already  been  studied 
extensively in  particular  we  have  proposed  a  band  scheme  which  describes  the 
evolution  of  electronic  levels  according  to  implantation  parameters  (energy  E  and  fluence 
D)  and  also  gives  a  consistent  explanation  of  the  behaviours  of  the  electrical  parameters 
such  as  the  conductivity  a  and  the  thermoelectric  power  (T.E.P.)  S. 

From  a  general  point  of  view  we  remind^  that  these  characteristics  vary  with 
temperature  because  of  the  successive  activations  of  different  types  of  carriers  located  on 
energy  levels  becoming  higher  and  higher-:  the  curves  log  cr  =  f(l/T)  display  linear 
shapes  in  the  case  of  processes  only  thermally  activated,  whereas  log  (^7\/T)  is 
proportionnal  to  for  the  Variable  Range  Hopping  (V.R.H.)  mechanism  which  is 

generally  making  responsible  for  the  evolutions  observed  at  low  temperature. 

As  for  the  T.E.P.  S,  it  presents  either  a  linear  evolution  with  reverse  temperature  or  a 
straight  line  on  a  (S/T)  versus  representation-;  in  fact,  this  last  case  gives 

experimentally  a  very  small  evolution  of  S  with  T  and  is  found  when  the  effect  of  thermal 
generation  of  carriers  is  weak."^  Moreover,  when  structural  defects  can  give  rise  to  a 
heterogeneous  medium^ the  conductivity  a  is  essentially  representative  of  transport 
mechanism  produced  by  the  defects  (potential  barrier  between  grains),  whereas  the  T.E.P. 
rather  describes  the  processes  along  conducting  paths  (and  so  in  zones  probably  doped). 


2  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Until  now,  we  have  only  studied  the  evolution  of  S  up  to  temperatures  which  do  not  much 
exceed  room  temperature.  In  order  to  analyse  the  nature  of  carriers  generated  at  higher 
temperatures,  we  have  specially  designed  a  novel  automatized  system  for  sensitive  T.E.P. 
S  and  conductivity  cr  measurements  which  are  determined  by  a  similar  method  to  the  one 
we  proposed  elsewhere.^  This  experimental  set-up  is  composed  of  a  vacuum  enclosure 
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Cs+  ions -j=0.2  MA/cm^ 


FIGURE  1  Temperature  dependence  of  the  thermoelectric  power  S  of  polyparaphenylene  films  implanted  with 
Caesium  ions.  Results  are  shown  for  different  implantation  parameters. 


where  the  samples  under  test  are  kept,  several  KEITHLEY  instruments  (electrometer, 
multimeter,  a.  KEITHLEY  current  source  (only  used  for  conductivity  measurements), 
a  power  supply  for  sample  and  thermopower  probes  heatings,  and  a  PC  computer  which 
completely  controls  all  the  instruments.  On  top  of  the  implanted  polymer  film  coated  on 
glass  substrate,  (the  resulting  film  thickness  is  2000  A)  we  made  by  thermal  evaporation 
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1+  ions  -1=0.2  MA/cm^ 


TEMPERATURE  (K) 


FIGURE  2  Evolution  of  the  thermoelectric  power  S  with  the  temperature  for  polyparaphenylene  films  implanted 
with  Iodine  ions  by  using  various  parameters. 


of  Silver  two  circular  contact  metallizations  (1.5  mm  in  diameter)  spaced  by  5  mm.  To 
determine  the  conductivity  by  the  four-point  probe  technique,  two  more  contacts  are 
useful.  A  silver  wire  is  glued  to  each  contact  with  a  silver-filled  epoxy  adhesive  for  wire 
bonding.  In  the  case  of  T.E.P.,  two  1  mm  silver  probes  (which  play  the  same  role  as 


S  (mV/K) 
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TEMPERATURE  (K) 


FIGURE  3  Variation  with  the  temperature  of  the  thermoelectric  power  S  of  polyimide  films  implanted  with 
Caesium  and  Iodine  ions.  Results  are  shown  for  various  implantation  parameters. 


tungsten  electrodes  used  in  our  previous  apparatus^)  are  pressed  onto  the  contacts  and  the 
silver  wires  are  wrapped  round  them  and  painted  with  silver  dag  to  prevent  the  loss  of 
electrical/thermal  contact.  After  that,  the  sample  is  put  inside  the  chamber  and  kept  under 
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vacuum  (p  lO'^mbar)  in  order  to  limit  the  cooling  down  of  the  sample  holder  by  the 
thermal  conduction  at  highest  temperatures.  By  plunging  this  chamber  into  a  nitrogen  bath 
we  can  perform  the  measurements  from  around  150  K  and  go  up  to  450  K  with  the  help  of 
the  external  power  supply  connected  to  the  sample  holder. 

In  the  case  of  polyparaphenylene  samples  made  by  thermal  depolymerization  of 
polystyrene  component  included  inside  the  copolymer  PPP-PS,^’^  we  present  in  Figure  1 
(implantations  with  Caesium  ions)  and  in  Figure  2  (implantation  with  Iodine  ions)  the 
evolution  of  S  according  to  the  temperature  for  various  implantation  parameters.  All  the 
implantations  have  been  performed  with  a  HVEE  400  kV  accelerator  by  using  a  current 
density  of  the  ion  beam  equal  to  0.2  /zA/cm^. 

For  the  lowest  implantation  parameters  (E  =  30  keV,  D  =  2  x  10^^  ions/cm^)  we  note 
that  the  sign  of  S,  which  is  negative  with  Caesium  (curve  (a)  in  Figure  1)  and  positive  with 
Iodine  (curve  (a)  in  Figure  2),  is  characteristic  of  the  doping  (n  and  p  respectively)  induced 
by  the  chemical  nature  of  the  implanted  ions.  Moreover  and  in  both  cases,  an  increase  of 
ISI  appears  from  350  K.  We  attribute  this  phenomenon  to  a  transition  from  a  VRH  type 
transport  process  (although  in  that  case,  the  sign  of  S  theoretically  depends  on  the  chemical 
nature  of  implanted  ion^)  to  a  polaronic  conduction  mechanism.^ 

Except  for  the  implantation  at  E  =  250  keV  and  D  =  2  x  10^^  ions/cm^  of  Iodine  ions 
(curve  (d)  in  Figure  2),  the  other  implantation  parameters  lead  to  higher  conductivity 
values,  whereas  the  absolute  value  of  the  T.E.P.  becomes  in  the  meantime  lower  and  lower 
(with  not  necessarily  the  respect  of  S  sign  with  implanted  ions  type-;  see  for  example 
Figure  1)-:  with  these  implantation  parameters,  the  polymer  film  becomes  a  conducting 
material  and  on  its  surface  appears  an  equipotential  which  makes  difficult  the  underscoring 
of  a  potential  difference  related  to  any  thermal  migration  of  any  kind  of  carriers. 

On  the  other  hand,  with  an  Iodine  implantation  at  high  energy  (E  =  250  keV)  and  with 
a  low  fluence  (D  =  2  x  10^^  ions/cm^)  (curve  (d)  in  Figure  2),  giving  rise  to  the  lowest 
conductivity  ^  10“^  S/cm  in  this  case  but  much  higher  with  the  other  parameters),  it 
appears,  in  a  surprising  way  a  priori,  a  transition  from  p  type  to  n  type  doping  at  about 
400  K.  We  attribute  this  behaviour  to  the  appearance  of  an  ionic  thermoelectric  power^° 
related  to  the  migration  of  negative  oxygen  ions  (0“)  whose  the  presence  we  have 
previously  noticed  in  the  implanted  layers  of  our  polymer  samples  by  S.I.M.S.  analysis.^^ 
Moreover,  this  phenomenon  appears  clearly  for  the  lowest  conducting  materials-: 

-  for  the  samples  implanted  with  Iodine  ions  at  E  =  30  keV  and  D  =  2  x  10^^  ions/ cm^ 
(curve  (a)  in  Figure  2)  we  obviously  observe  a  decrease  of  S  at  about  400  K  which 
limits’  locally  the  S  increase  due  to  polaronic  conduction. 

-  for  the  sample  implanted  with  Caesium  ions  at  E  =  250  keV  and 
D  =  2  X  10^^  ions/cm^  (curved  (d)  in  Figure  1)  a  decrease  of  S  occurs  but  it  is  less 
marked  than  with  Iodine  because  the  conductivity  is  higher  (cr  =  10“"^  S/cm). 
Moreover,  in  the  case  of  Caesium  implantations,  the  contribution  of  T.E.P  due  to 
conduction  by  electronic  polarons  is  superposed  (in  sign)  on  the  component  related  to 
ion  nature,  what  allow  us  to  explain  the  huge  peak  noticed  after  implantation  of 
Caesium  ions  with  low  parameters. 

In  order  to  reinforce  our  assumption  about  the  influence  of  oxygen  on  T.E.P.  behaviour, 
we  must  emphasize  that  as  well  in  the  case  of  amorphous  germanium  as  with  amorphous 
silicon  a  decrease  of  S  at  around  400  K  has  already  been  attributed  to  the  presence  of 
oxygen  atoms. 

Nevertheless,  we  have  studied  the  behaviour  of  S  with  the  temperature  for  a  non¬ 
electroactive  polymer — polyimide — with  the  aim  of  demonstrating  positively  the  validity 
of  our  last  assumption  (Figure  3).  The  conductivity  of  this  polymer  is  very  low 
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(a  <  10“^  S/cm)  after  ion  implantation  with  our  own  parameters  (even  if  the  film  is 
‘carbonized’  by  damage  produced  with  very  high  parameters  of  ion  beam-;  many  studies 
have  been  extensively  carried  out  by  many  research  groups  on  the  properties  of  that  kind 
of  samples  which  are  not  yet  well-defined). 

In  the  Figure  3,  first  of  all  we  notice  that  the  sign  of  S  can  not  be  related  to  the  chemical 
nature  of  the  implanted  ion,  what  is  due  to  non-electroactive  character  of  the  polymer. 
Secondly,  we  effectively  observe  a  strong  variation  of  S  at  around  400  K  which  may  be 
attributed  to  negative  charges,  i.e.  in  accordance  with  our  previous  assumption  about  a 
T.E.P.  contribution  due  to  negative  ionic  charges.  A  similar  phenomenon  seems  to  have 
also  been  noticed  with  a  form  of  amorphous  carbon/"^ 


3  CONCLUSION 

The  high  concentration  of  oxygen  previously  discovered  in  layers  of  implanted 
electroactive  polymers  leads  us  to  attribute  the  anomalous  behaviour  of  S  at  around 
400  K  for  some  implanted  samples  to  the  oxygen  migration  and  therefore  to  an  ionic 
P.T.E.  contribution-;  moreover  by  using  lowest  implantation  parameters,  it  appears  beyond 
350  K  the  generation  of  polaronic  charges  related  to  doping  process. 
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Ultra  thin  polyimide  layers  have  been  prepared  by  the  Langmuir  Blodgett  method  and  bombarded  with  a  beam  of 
170  keV  Ne*^.  Optical  absorption  and  specular  reflectance  studies  have  been  performed  in  the  spectral  domain 
2.5-6.5  eV.  The  energy  loss  function  is  deduced  and  shows  the  development  of  a  new  absorption  band  at  3  eV, 
which  accounts  for  the  shift  of  the  absorption  edge  towards  the  visible  in  thick  films.  An  effective  medium 
calculation  shows  that  this  resonance  can  be  attributed  to  graphitic  nanoparticles  dispersed  in  the  polymeric 
matrix.  The  development  of  these  conducting  domains  accounts  for  the  transition  to  a  conducting  regime  at  high 
irradiation  fluence. 

Key  words:  polymer,  carbon,  nanoparticle,  irradiation,  percolation. 


1  INTRODUCTION 

Poly  aromatic  polymers  exhibit  low  sentivity  to  radiations.  It  has  however  been  established 
in  the  last  ten  years  that  the  irradiation  of  polymers  with  ion  beams  induces  dramatic 
property  modifications  that  result  from  the  large  densities  of  energy  deposited  by  heavy 
particles  in  matter.  These  polymers,  which  are  intrinsically  good  insulators,  show  in 
particular  a  steep  transition  to  a  conducting  behaviour  at  high  irradiation  doses.  Electron 
spin  resonance  (ESR)  indicates  that  high  spin  densities  are  produced  in  correlation  with 
tWs  insulator-conductor  transition^  for  ion  fluences  larger  than  10^"^  cm“^.  These  new 
electronic  properties  are  interpreted  in  terms  of  percolation  between  condensed  aromatic 
domains  resulting  from  the  polymer  degradation.'*’^  The  dimension  of  such  structures  has 
been  estimated  to  some  nanometers  by  neutron  or  X  ray  scattering  experiments.^’^  No 
straightforward  relation  between  the  progressive  increase  of  the  optical  absorption  in  the 
UV  and  the  abrupt  change  of  the  transport  properties  could  however  be  established  till 
now.  We  have  previously  shown®  that  the  shift  of  the  absorption  edge  towards  the  visible, 
observed  for  increasing  irradiation  doses,  was  due  to  the  reduction  of  the  bandgap  as  the 
size  of  the  carbon  clusters  increases.  We  have  found  that  the  growth  of  a  new  absorption 
band  at  3  eV  is  responsible  for  the  evolution  of  the  optical  absorption.  Using  an  effective 
medium  model,  we  show  in  this  contribution  that  the  3  eV  absorption  band  can  be 
attributed  to  graphitic  clusters  dispersed  in  the  polymeric  matrix. 


2  EXPERIMENTAL 

100  A  thick  (PMDA-ODA)  polyimide  layers  have  been  obtained  by  the  Langmuir 
Blodgett  technique.  The  successive  deposition  of  23  monolayers  on  each  side  of  a  glass 
(suprasil)  substrate  allowed  the  production  of  highly  ordered  films,  as  required  for  the 
optical  study.  Optical  data  measurements  have  been  performed  using  a  Vaiian  2300 
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Photon  energy  (eV) 

FIGURE  1  Energy  loss  function  vs.  photon  energy  for  LB  films  irradiated  with  increasing  ion  fluences 
calculated  from  optical  data. 


Spectrophotometer  in  the  absorption  and  specular  reflectance  (VW  accessory)  modes.  For 
such  low  thicknesses  it  is  possible  to  study  the  tt-tt*  transitions,  which  are  responsible  for 
intense  absorption  bands  in  the  UV,  and  interferences  are  avoided.  Ion  beam  irradiations 
have  been  performed  using  a  200  keV  Balzers  implantor.  Current  densities  were  of  the 
order  of  some  nA  to  avoid  beam  heating  effects.  The  spectrum  of  pristine  PI  shows  in 
particular  the  absorption  bands  assigned  to  charge  transfer  transitions  in  the  PMDA-ODA 
molecule.  The  measured  optical  transmittance  is  corrected  from  the  reflection  on  the  film 
surface,  according  to  the  previously  described  method,^  in  order  to  obtain  the  true 
absorption  and  reflection  coefficients. 


3  OPTICAL  DATA  ANALYSIS 

The  polymer  irradiation  leads  to  the  production  of  carbonaceous  thin  films  exhibiting 
optical  properties  inbetween  the  diamond  and  the  graphite  ones.  The  formation  of 
delocalized  tt  states  induces  in  particular  a  strong  UV  absorption  extending  far  in  the 
visible,  which  is  responsible  for  the  polymer  darkening.  The  optical  data  are  analyzed  in 
terms  of  a  complex  optical  index,  where  the  imaginary  part  is  the  expression  of  the  optical 
absorption.  We  have  previously  discussed  the  modification  of  the  refractive  index  and 
extinction  coefficient  for  photon  energies  below  2,5  eV,  showing  the  transition  to  a 
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FIGURE  2  Computed  energy  loss  function  of  graphitic  nanoparticles  dispersed  in  a  polyimide  matrix  with 
varying  filling  factors. 


graphite-like  spectrum  of  the  optical  functions  at  high  irradiation  fluences.  It  is  useful  to 
introduce  the  loss  function  defined  as: 

Imf  -  --J-X  )  =  where  :  e  =  ei  +  je2  and  n  =  +  jx 

at  high  photon  energy,  where  the  plasmon  resonances  appear  for  the  zero  of  the  dielectric 
function.  It  is  in  particular  known  that  graphite  has  a  sharp  plasmon  peak  at  7  eV  assigned 
to  the  collective  excitations  of  tt  electrons  and  another  broad  peak  at  27  eV,  which  involves 
TT  +  a  electrons.  We  have  shown  in  a  previous  study the  existence  of  such  modes  in 
irradiated  polyimide  using  electron  energy  loss  spectroscopy  (EELS).  Absorptions  at 
energies  under  5  eV  are  however  not  resolved  since  superposed  to  the  elastic  peak. 
Marietta  has  attributed  the  development  of  a  step-like  structure  in  this  region  to  tt 
electrons.^  ^  Ritsko  and  Bigelow^^  had  however  reported  some  years  before  the  growth  of  a 
weak  absorption  in  heavily  irradiated  PS  and  PVP,  which  was  interpreted  by  the 
production  of  unsaturations  on  the  polymer  backbone. 

Figure  1  shows  the  energy  loss  function  calculated  from  optical  and  reflectance 
measurements.  Two  types  of  components  are  observed.  One  results  from  the 
intramolecular  transitions,  which  according  to  Lafemina^  are  due  to  charge  transfers 
between  the  PMDA  and  ODA  groups  of  polyimide,  giving  rise  to  absorption  peaks  at  6.4, 
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5.9  and  4.4  eV.  The  computed  optical  absorption  spectrum  performed  in  this  study  on 
different  models  of  molecules  shows  that  the  modification  of  the  relative  peak  intensitities 
following  irradiation  is  probably  due  to  a  deformation  of  the  molecule.  However  the  most 
interesting  feature  is  the  appearance  of  a  new  component  at  3  eV,  which  grows  as  the 
irradiation  fluence  increases.  This  energy  loss  peak  becomes  in  particular  well  resolved  for 
a  fluence  of  2.10^^  Ne'^/cm^,  which  corresponds  to  the  development  of  a  strong  ESR 
signal  and  conductivity  onset.  This  relation  suggests  that  the  3  eV  absorption  could  be 
attributed  to  the  graphitic  clusters,  which  are  assumed  to  be  responsible  of  the  transport 
property  transition. 


4  OPTICAL  COMPOSITE  MODEL 

Optical  properties  of  nanoparticles  dispersed  in  a  dielectric  can  be  treated  using  an 
effective  medium  theory,  which  leads  to  the  determination  of  an  averaged  dielectric 
function.  The  Maxwell-Gamett  approximation^^  provides  a  satisfactory  description  for 
dilute  suspensions  of  metal  nanoparticles  dispersed  in  a  dielectric.  The  position  of  the 
plasma  resonance  is  generally  correct,  whereas  particle  size  corrections  are  generally 
needed  to  account  for  the  observed  band  width  (for  a  general  review,  see  for  example 
Kreibig^^).  The  dielectric  function  of  the  composite  medium  e{uj)  can  be  calculated  for 
spherical  particles  from  the  general  expression: 

£(a))  -  eijoj)  _  gni(a^)  -  £i(t4;) 

e{uj)  +  2ei{w)  +  2ei{u)) 

where  x  is  the  volume  fraction  (filling  factor)  of  the  material  dispersed  in  the  dielectric,  Si 
and  €jn  are  the  dielectric  functions  of  the  dielectric  and  of  the  particle  material.  The 
complex  dielectric  function  of  graphite  has  been  calculated  from  the  optical  data 
published  by  Taft  and  Philipp, whereas  the  refractive  index  of  polyimide  (n=L78)  has 
been  used  for  the  dielectric  (the  charge  transfer  transitions  of  the  PMDA-ODA  molecule 
cannot  be  represented  because  of  this  simplification).  Figure  2  shows  the  energy  loss 
function  calculated  for  various  values  of  the  filling  factor  x.  The  growth  of  a  flat  absorption 
band  centered  at  3  eV  is  predicted,  which  confirms  the  assignment  of  the  observed 
resonance  to  tt-tt*  transitions  induced  in  graphitic  inclusions.  Size  effects  are  probably 
responsible  for  the  width  of  the  absorption  band,  which  is  less  satisfactory  than  the  band 
position,  as  usually.  It  is  however  more  difficult  to  take  into  account  this  effect  for  graphite 
than  for  metals,  since  Drude’s  relations  are  not  valid  in  the  present  case  and  only  bulk 
constants  are  available. 


4  CONCLUSION 

A  new  peak  at  3  eV  has  been  revealed  in  the  energy  loss  spectrum  of  irradiated  polyimide 
thin  films.  The  growth  of  this  absorption  band  accounts  for  the  reduction  of  the  band  gap 
previously  discussed  for  thick  films.  The  optical  data  analysis  is  consistent  with  the 
formation  of  disordered  carbon  layers  involving  an  important  graphitic  component,  which 
controls  the  electronic  properties.  Because  of  the  importance  of  Ae  bombardment  energy 
in  the  techniques  of  hard  carbon  deposition,  it  would  be  interesting  to  consider  the 
influence  of  the  irradiation  energy  on  the  development  of  the  3  eV  absorption  band. 
Investigations  in  the  deep  UV  would  also  be  an  attractive  extension  of  the  optical  study  to 
obtain  more  informations  on  the  plasmon  region. 
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Nuclear  spin  relaxation  (NSR)  and  electrical  conductivity  measurements  were  performed  between  about  1  K  and 
room  temperature  in  various  fluoride  glasses.  The  NSR  rates  are  found  to  exhibit  a  pronounced  peak  around 
10  K  which  is  not  observed  by  conductivity  experiments.  The  underlying  relaxation  process  is  interpreted  by 
magnetic  fluctuations  between  neighbouring  nuclear  probes  without  accompanying  charge  motions.  The 
observed  NSR  rates  and  conductivities  can  be  described  phenomenologically  in  the  context  of  excitations  of 
asymmetric  double  well  potential  (ADWP)  configurations  intrinsic  to  the  glassy  state. 

Key  words'.  Low-Frequency  Excitation,  Glasses,  Nuclear  Spin  Relaxation,  Conductivity. 


1  INTRODUCTION 


At  low  temperatures,  nuclear  spin  relaxation  (NSR)  and  electrical  conductivity  in  inorganic 
glasses  are  dominated  by  loc^ized  low-energy  excitations  of  disorder  modes  intrinsic  to 
the  glassy  state  of  matter.  Since  the  physical  nature  of  the  modes  is  largely  unknown  at 
present,  they  are  commonly  described  phenomenologically  by  asymmetric  double  well 
potential  (ADWP)  configurations  with  appropriate  distributions  of  the  barrier  height,  V, 
and  of  the  asymmetry  parameter,^  A.  Using  the  model  the  NSR  rate  l/Ti  is  given  by:^ 


Ti 


Cadwp{^\) 


dAdV 


p{A)g{V)  _ ^ 

cosh^{A/2kT)  1  +  oj^ 


(1) 


Here  Cadwp  is  the  concentration  of  ADWP’s,  (u;^)  is  the  mean  coupling  strength  between 
the  nuclear  probe  ensemble  and  a  single  ADWP  configuration,  p(A)  and  g(y)  are  the 
distribution  functions  of  A  and  V  with  upper  limits  Am,  Vm,  and  Tc  denotes  the  correlation 
time  of  an  ADWP  transition.  Above  about  1-5  K,  the  transitions  become  thermally 
activated,^  i.e.  Tc  =  cosh(A/2^r)  *  exp(— V/^T).  In  alkali  containing  oxide  glasses  the 
NSR  rate  1  /T\  and  ac  conductivity  were  found  to  be  related  at  low  temperatures  through 
the  fluctuation-dissipation  (F-D)  theorem  according  to:^ 


1/Ti(a;,r)  oc  /cT/a;^-(j(a;,  T) 


(2) 


Theoretically,  the  link  requires  a  common  susceptibility  based  on  a  uniform  relaxation 
mechanism  due  to  charge  movements  connected  with  the  ADWP  transitions.  In  the  present 
paper  we  demonstrate  that  relation  (2)  does  not  hold  for  fluoride  glasses.  In  particular, 
NSR  is  shown  to  specifically  detect  further  low-energy  excitations  obeying  Eq.(l),  which 
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temperature  [K] 


FIGURE  1  Log-log  plot  of  conductivity  cr-T  vs  temperature  in  a  ZB  LAN  glass  of  composition  55ZrF4-25BaF2- 
4LaF2-3AlF3-13NaF  (mol%)  observed  at  different  frequencies. 


are  not  observed  by  conductivity  experiments.  Hence,  the  observed  NSR  rate  has  to  be 
written  as  a  sum  of  two  different  contributions: 

l/Ti  =  l/riU+l/Ti|5  (3) 

where  only  the  first  term  1/ri  1^  is  related  to  a  by  the  F-D  theorem  (2),  i.e.  the  contribution 
is  caused  by  the  same  relaxation  mechanism  which  is  responsible  for  a. 


2  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

AC  conductivity  and  NSR  experiments  using  different  nuclear  probes  (^^F,  ^^Na,  ^^Al) 
were  performed  in  fluoride  glasses,  with  compositions  listed  in  the  figures,  between  about 
1  K  and  room  temperature  over  a  wide  range  of  frequencies.  Typical  results  of  such 
measurements  are  presented  in  Figures  1^.  Figures  1  and  2  show  that  aT  increases 
monotonically  with  rising  temperature  and  frequency  following  approximately  the  power 
law 
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FIGURE  2  Log-log  plot  of  a-T  vs  temperature  in  a  CLAP  glass  of  composition  9.5CdF4-11.5CdO-3CdCl2- 
6LiF-4KF-30AlF3-30PbF2-2LaF3  (mol%)  observed  at  different  frequencies. 


The  coefficients  a,  P  are  listed  in  Table  1. 

Application  of  the  F-D  theorem  (2)  to  Eq.(4)  yields 

l/Ti  cx  (5) 

which  has  recently  been  verified  in  various  oxide  glasses.^  However,  as  demonstrated  in 
Figures  3  and  4,  strong  deviations  fi'om  the  monotonic  temperature  dependence  occur  in 
fluoride  glasses  exhibiting  a  peak  in  the  NSR  rate  around  20  K.  Obviously,  the  peak  is 
detected  specifically  by  ^^F  NSR,  while  the  ^^Na  and  ^^Al  probe  nuclei  observe  the 
maximum  very  weaikly.  Therefore  we  conclude  that  only  movements  of  fluorine  atoms  are 
responsible  for  the  peak  while  other  nuclear  probes  such  as  ^^Na  or  ^^Al  do  not  take  part  in 
these  fluctuations.  The  findings  can  be  interpreted  quantitatively  by  Eq.(3)  assuming  two 
different  types  of  ADWP  configurations  in  Eq.(l).  The  first  term  l/Ti  1^  is  found  to  obey 
Eq.(5),  where  the  coefficients  a,  /5  agree  with  those  observed  by  the  conductivity 
experiments  (Eq.(4),  see  Table  I).  The  result  points  to  a  common  relaxation  mechanism 
connected  with  fluctuating  charges.  The  second  term  \/T\\b  which  is  caused  according  to 
the  above  discussion  by  fluctuations  of  the  magnetic  interaction  between  neighbouring 
fluorine  nuclear  probes  can  be  described  by  Eq.(l).  The  related  NSR  rate  peaks  are  shifted 
to  higher  temperatures  with  rising  frequency.  Evaluation  of  the  shift  by  means  of  the 
condition  u}'{tc)  =  1  leads  to  an  Arrhenius  behaviour  of  the  mean  correlation  time  (tc)  of 
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FIGURE  3  Temperature  dependence  of  ‘^F  and  ^^Na  NSR  rates  in  ZBLAN  glass.  Solid  lines  are  fits  to  the  data 
by  means  of  the  ADWP  model. 


the  ADWP  configurations  of  type  (b).  The  resulting  preexponentials  (to)  and  energies  E 
are  presented  in  Table  1.  Further,  from  the  magnitude  of  the  observed  NSR  rate  peak 
the  fraction  of  the  fluorine  atoms  involved  in  the  relaxation  process  was  estimated  to  be 
about  10“^  — 10“"^.  The  solid  lines  in  Figures  (3,  4)  are  fits  to  the  data  by  means  of 
Eqs.(l,  2, 5)  using  g{V)  oc  sech(V/Vo)  and p{A)  a  A^.  The  relevant  parameters  used  for 
the  fits  are  listed  in  Table  L 


TABLE! 


Summary  of  the  relevant  fitting  parameters  related  to  the  NSR  and  conductivity  results  shown  in  Figures  1-4. 

glass 

a 

IS 

nucleus 

Mis) 

E{K) 

K.(k) 

A.„(K) 

7 

K(K) 

ro(s) 

ZBLAN 

0.2 

1.0 

19f 

1.93  10-“ 

94 

461 

59 

1.06 

31.8 

1.1  10-“ 

^^Na 

— 

— 

402 

768 

3.4 

1540 

1.3  10-13 

CLAP 

0.0 

LI 

19f 

2  10-® 

64 

234 

55.8 

0.93 

15.7 

5.0  10-10 

27  A1 

— 

— 

803 

300 

0.73 

137 

1.01  10-11 
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FIGURE  4  Temperature  and  frequency  dependence  of  ^^F  and  ^^Al  NSR  rates  1  /Ti  in  CLAP  glass.  Solid  lines 
are  fits  to  the  data  by  means  of  the  ADWP  model. 
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CONDUCTIVITY  AND  STRUCTURE  RELATIONS  IN 
POLYCRYSTALLINE  a//3-LEAD  FLUORIDE  DOPED 
WITH  SCANDIUM  FLUORIDE 
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A  study  is  made  of  temperature  and  pressure  dependence  of  impedance  spectroscopy  and  x-ray  analysis  for  lead 
fluoride  doped  with  various  concentrations  of  scandium  fluoride  for  samples  with  mixed  orthorhombic/cubic 
phase  composition. 

The  conductivity  is  seen  to  increase  with  higher  scandium  concentration,  higher  lattice  distortion  of  the 
orthorhombic  phase  and  a  higher  concentration  of  the  orthorhombic  phase  in  the  sample. 

Key  words'.  Impedance  spectroscopy,  temperature  dependent  x-ray  studies,  lead  fluoride,  scandium  fluoride,  ionic 
conductivity. 


1  INTRODUCTION 

Lead  fluoride  belongs  to  the  class  of  superionic  conductors.  The  fluorine  sublattice  starts 
melting  at  temperatures  about  500° C,  where  because  of  the  resulting  high  fluorine  mobility 
a  very  high  ionic  conductivity  arises. 

The  defect  concentration,  hence  the  properties  of  the  material  can  be  changed  by 
heterovalent  doping.^  In  this  work  we  discuss  the  special  case  of  scandium  fluoride  as 
dopant. 

The  so-called  solid  solutions  of  ScFs  in  PbF2  have  been  studied  by  EPR,  x-ray 
diffractometry,  DTA  and  impedance  spectroscopy.^’^’"^’^  These  works  deal  with  the  cubic 
/?-phase  of  the  lead  fluoride  system.  Few  investigations  have  been  performed  on  the 
orfliorhombic  a-  or  a  mixed  a/^-system.^’^ 

The  thermodynamically  more  stable  ^-modification^  changes  under  pressure  to  the  a- 
form  due  to  the  smaller  unit  cell  volume  of  the  orthorhombic  a-phase.  An  irreversible 
phase  transition  from  the  orthorhombic  a-  to  the  cubic  ^-phase  takes  place  at  temperatures 
about  615  K.^’^ 

Pure  a-PbF2  shows  a  lower  conductivity  than  /?-PbF2  at  temperatures  below  550  K.® 

We  have  performed  temperature  and  pressure  dependent  impedance  spectroscopy  and 
x-ray  studies  on  the  mixed  a/^-PbF2  system  doped  with  ScFs  (between  0  mol%  and 
15  mol%). 


2  EXPERIMENTAL 

The  poly  crystalline  material  was  pressed  to  pellets  (diameter  10  mm,  thickness  between 
1  mm  and  3  mm)  under  pressure  up  to  2.5  GPa  at  room  temperature  (For  synthesis  see^). 
The  pressure  applied  here  is  referred  to  by  the  pressure  dependence  in  this  work.  For  in  situ 
measurements  see  reference.^®  Contacts  on  the  pellets  were  done  with  sputtered  gold.  The 
impedance  spectroscopic  measurements  were  performed  with  a  HEWLETT  PACKARD 
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FIGURE  1  Percentage  of  the  orthorhombic  phase  as  a  function  of  pressure. 


HP  4284  A  bridge  (frequency  range  20  Hz  to  1  MHz)  in  a  self-constructed,  externally 
heated  cell  with  automatic  temperature  control  (typical  temperature  error  ±  2K),  all  linked 
to  a  computer.  The  temperature  range  used  for  tiiis  work  was  between  295  K  and  800  K. 
The  environment  of  the  sample  is  variable  from  vacuum  to  any  desired  gas;  helium  was 
used  for  the  present  study.  The  temperature  dependent  x-ray  analysis  was  performed  with  a 
PHILLIPS  diffractometer  type  PW37 10-BASIS  in  vacuum  from  295  K  to  650  K.^ 


3  RESULTS  AND  DISCUSSION 

The  intensities  of  the  (1 1  l)-reflections  of  the  a-  and  the  /5-phase  for  pure  lead  fluoride  as  a 
function  of  pressure  were  measured.  The  decrease  of  the  /5-(lll)-reflection  corresponds 
with  the  increase  of  the  Q!-(lll)-reflection,  From  these  results  the  percentage  of  the 
orthorhombic  a-phase  was  evaluated  as  shown  in  Figure  1  for  different  scandium 
concentrations.  TTie  /3-phase  is  stabilized  by  increasing  the  concentration  of  scandium 
fluoride. 


CONDUCTIVITY  AND  STRUCTURE  RELATIONS  IN  POLYCRYSTALLINE  [1375]/149 


pure  lead  fluoride 


Lead  fluoride,  doped  with  2.5  mol-%  scandium  fluoride 
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FIGURE  2  Phase  percentage  as  a  function  of  temperature. 


The  distances  of  the  (lll)-planes  are  constant  within  the  applied  pressure  range  for 
both  phases,  so  the  volumes  of  the  unit  cells  are  not  changing. 

Figure  2  shows  the  temperature  dependence  of  a-  and  /?-phase  percentages  as  a 
function  of  temperature  for  pure  and  with  2.5  mol%  scandium  fluoride  doped  lead  fluoride. 
The  phase  transition  starts  at  500  K  in  the  doped  sample  and  at  550  K  in  the  pure  material. 
The  lattice  distortions  of  the  a-  and  the  /^-phases  in  the  doped  sample  show  a  different 
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FIGURE  3  Conductivity  versus  temperature  for  various  concentrations  of  scandium  fluoride. 
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FIGURE  4  Conductivity  versus  temperature  for  various  pressures. 


temperature  dependence.  The  a-phase  in  the  doped  sample  is  more  distorted  than  the 
/3-phase  and  the  distortion  only  decreases  near  the  transition  temperature.  This  differences 
are  not  observed  for  the  undoped  sample. 

The  conductivity  measurements  as  a  function  of  temperature  and  scandium  fluoride 
concentration  for  the  first  temperature  cycle  are  shown  in  Figure  3.  The  conductivities  of 
the  aZ/^-phase  mixtures  in  the  first  heating  period  are  higher  than  in  the  cooling  period  of 
the  then  pure  /3-phase  except  for  undoped  lead  fluoride.  All  following  heating  and  cooling 
cycles  show  the  same  conductivities  as  the  first  cooling  cycle.  This  is  a  result  of  the 
complete  and  irreversible  phase  transition  fi*om  the  orthorhombic  to  the  cubic  phase.  The 
comparison  of  the  conductivities  for  the  first  heating  period  (i.e.  for  the  a//3-phase  mixture) 
as  a  function  of  scandium  concentration  shows  a  clear  increase  of  conductivity  with 
increasing  scandium  content.  The  same  result,  but  with  a  smaller  increase,  was  found  for 
the  cubic  ^-system  (this  work  and  ref.^).  So  the  difference  in  conductivity  between 
a//3-mixed  system  and  pure  ^-phase  also  increases  with  increasing  scandium  concentra¬ 
tion,  as  Figure  3  clearly  shows.  Table  I  presents  the  activation  energies  for  the  dc- 
conductivity  for  an  Arrhenius-like  behavior  for  some  scandium  fluoride  concentrations. 
The  activation  energies  decrease  in  both  systems  with  increasing  dopant  concentration, 
with  generally  smaller  values  for  the  pure  ^-system. 
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Table  I 

Activation  energies  for  various  concentrations  of  scandium  fluoride. 


doping  concentration 
[mol-%] 

EaQ://3 

[eV] 

Ea  pure  (3 
[eV] 

0.0 

0.507  ±  0.002 

0.429  ±0.015 

2.5 

0.472  ±  0.013 

0.303  ±  0.036 

5.0 

0.403  ±  0.004 

0.268  ±  0.065 

10.0 

0.376  ±  0.002 

0.247  ±  0.013 

The  pressure  dependence  of  the  conductivity  for  the  sample  with  5  mol%  scandium 
fluoride  is  shown  in  Figure  4.  The  conductivities  of  the  a/p-mixed  samples  (heating 
period)  are  much  higher  than  the  ones  of  the  pure  samples.  A  higher  pressure  produces  a 
higher  content  of  a-modification  in  the  sample  which  results  in  a  higher  conductivity. 
These  differences  vanish  after  exceeding  the  conversion  temperature  to  the  cubic  ^-phase 
(cooling  period).  The  activation  energies  show  only  a  slight  decrease  with  increasing 
pressure. 


4  CONCLUSIONS 

The  big  difference  in  the  conductivity  behavior  of  undoped  and  scandiumfluoride  doped 
leadfluoride  in  a  mixed  Q://?-system  cannot  be  explained  by  the  existence  of  a  two  phase 
system  alone.  The  percentage  of  the  a-phase,  the  distortion  of  the  orthorhombic  lattice  and 
the  scandium  fluoride  concentration  together  have  an  influence  on  the  defect  concentration, 
which  leads  to  the  high  differences  in  conductivity  between  the  different  systems. 
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PHOTOVOLTAIC  EFFECT  AND  ELECTRONIC 
TRANSITIONS  IN  RbAg4l5 
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Sendai  980,  Japan 

A  study  has  been  made  of  the  effect  of  local  light  irradiation  and  silver  saturation  on  the  contact  photo-emf 
excitation  spectrum  of  a!-RbAg4l5  superionic  crystals  at  room  temperature.  It  was  found  that  irradiation  with  light 
having  energies  2.75  eV  and  2.92  eV  causes  color  centers  formation  in  the  crystals.  The  possible  nature  of  the 
bands  in  the  photo-emf  excitation  spectrum  is  discussed.  Time  dependences  of  the  photo-emf  for  the  main 
excitation  bands  were  measured  at  various  illumination  levels.  A  characteristic  asymmetry  of  the  relaxation  curves 
governed  by  the  excitation  kinetics  was  observed  at  high  illumination  intensities.  The  estimation  of  the  photon 
capture  cross  sections  for  the  electronic  transitions  gives  the  values  of  the  order  of  magnitude  of  10“’^cm^.  The 
transient  experiments  have  shown  that  the  photocarrier  lifetimes  in  the  crystals  are  of  the  order  of  1000  sec. 

Key  words:  superionic  conductor,  photo-emf,  color  center. 


1  INTRODUCTION 

A  lot  of  vacancies  of  mobile  ions  in  superionic  crystals  results  in  creation  of  imperfection 
levels  with  high  density  of  states  in  the  forbidden  gap  of  the  crystals.  Due  to  the  Coulomb 
interaction  between  mobile  ions  and  nonequilibrium  holes  or  electrons  defect  processes  are 
closely  connected  with  the  processes  of  electronic  excitation  in  superionic  c^stals.  For  the 
same  reason  one  would  expect  considerable  increase  of  lifetime  of  nonequilibrium  carriers 
in  conduction  or  valence  band  and  low  values  of  their  mobilities  in  superionic  crystals.  The 
specific  features  of  generation  of  nonequilibrium  carriers  were  exhibited  in  studying  the 
spectral,  illumination  intensity  and  time  dependences  of  the  contact  photo-emf  of 
superionic  a-RbAg4l5  crystals  under  sub-bandgap  illumination  Qiu  <  Eg  =  3.2  eV).^ 


2  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Investigations  were  carried  out  on  polycrystalline  RbAg4l5  samples.  A  finely  dispersed 
graphite  powder  was  used  for  electrode  preparation.  For  the  photo-emf  measurements  a 
Keithley  Model  236  electrometer  with  >  lO^^O  input  impedance  was  used,  A  high- 
pressure  xenon  lamp  and  a  grating  spectrophotometer  were  used  for  specimen 
illumination.  During  measurements  the  specimens  were  housed  in  an  optical  thermostat. 
Vacuum  was  2  x  10“^  Torr. 

Figure  1  shows  typical  short-circuit  photocurrent  spectra  for  a  nonuniformly 
illuminated  C  |  RbAg4l5  |  C  cell  at  room  temperature.  The  spectral  dependences  were 
obtained  by  decreasing  the  light  wavelength.  Curve  1  in  the  figure  presents  the  result 
obtained  by  the  first  scanning  of  the  wavelength  and  corresponds  to  initial  RbAg4l5  crystal 
prior  to  irradiation  of  the  sample  by  light.  Two  peaks  at  425  nm  and  437  nm  corresponding 
to  energies  of  2.92  eV  and  2.85  eV  were  observed.  The  appearance  of  two  wide  bands  with 
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FIGURE  1  Short-circuit  photocurrent  of  the  nonuniformly  illuminated  C  |  RbAg4l5  |  C  cell  versus  exciting-light 
wavelength  obtained  by  decreasing  the  wavelength,  T  =  305  K.  (1)  Spectrum  of  initial  RbAg4l5  crystal. 

(2)  Spectrum  obtained  after  the  light  irradiation  (400  nm  <  X^x  <  455  nm).  Insert:  Spectral  dependence  of 
integral  intensities  of  the  bands  with  maxima  at  475  nm  (□)  and  540  nm  (A)  in  the  short-circuit 
photocurrent  spectra  measured  in  sequence  after  the  same  (5  sec)  exposure  to  light  irradiation  of  the 
sample. 


maxima  at  475  nm  (2.62  eV)  and  540  nm  (2.29  eV)  and  a  peculiarity  in  the  region  445  nm 
(2.75  eV)  were  observed  in  the  spectral  response  as  a  result  of  the  local  light  irradiation  of 
the  sample.  It  has  been  found  that  the  irreversible  transformation  of  the  spectrum  was 
easily  produced  by  the  irradiation  with  light  having  energies  2.75  eV  and  2.92  eV  (see 
insert  Figure  1).  After  the  irradiation  short-circuit  photocurrent  spectrum  was  finally 
changed  as  shown  in  Figure  1  (curve  2). 

The  effect  of  addition  of  silver  into  RbAg4l5  crystal  and  the  additive  coloration  in 
iodine  vapor  on  the  photocurrent  excitation  spectra  was  investigated.  A  marked  decrease  in 
the  relative  intensity  of  the  2.92  eV  band  was  observed  in  silver  doped  RbAg4l5;  in  some 
cases  the  band  disappeared  completely.  By  contrast,  the  intensity  of  the  2.92  eV  band 
increased  in  the  spectra  for  crystals  following  coloring  in  the  iodine  vapor  which  is 
associated  with  an  increase  in  the  concentration  of  silver  cation  vacancies  in  the  crystal 
bulk.  The  results  obtained  support  the  model  that  the  2.92  eV  band  corresponds  to  the 
generation  of  nonequilibrium  holes  in  the  valence  band  from  an  imperfection  level  at  a 
depth  of  ~  0.3  eV  under  the  conduction  band  of  RbAg4l5  crystals.  An  increase  in  the 
concentration  of  silver  cation  vacancies  leads  to  a  shift  down  of  the  Fermi  level  position  in 
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FIGURE  2  Time  dependences  of  the  barrier  photo-emf  for  425  nm  excitation  band  at  various  illumination 
levels.  lo  =  9.2  x  10*^  photon/cm^sec,  T  =  305  K  (1)  lo;  (2)  0.5  x  lo;  (3)  0.25  x  I,;  (4)  0.125  x 
(5)  0.062  X  lo;  (6)  0  031  x  lo;  (7)  0.016  x  lo. 


the  forbidden  gap  and  to  the  corresponding  change  of  the  level  occupancy.  As  a  result  an 
increase  in  the  intensity  of  the  2.92  eV  band  in  the  photocurrent  spectrum  was  observed  in 
colored  crystals.  Hole  excitation  from  the  level  to  the  valence  band  may  cause  iodine 
losses  from  the  surface  of  the  sample  and  formation  of  F-type  electron  centers  involving 
iodine  vacancies.  The  photoinduced  bands  peaked  by  2.62  eV  and  2.29  eV  in  the 
photocurrent  spectrum  are  probably  due  to  the  F-type  color  centers  created  on  the  surface 
of  sample  as  a  result  of  the  irradiation  with  light  having  energies  2.92  eV  and  2.75  eV.  The 
peculiarity  observed  in  the  photocurrent  spectra  at  2.75  eV  corresponds  to  thermo-optical 
electronic  transitions  from  the  valence  band  to  the  level  Ec—03  eV.  The  narrow  intensive 
2.85  eV  band  corresponds  to  the  generation  of  nonequilibrium  electrons  in  the  conduction 
band  from  deep  silver  iodine  impurities. 

Time  dependences  of  the  barrier  photo-emf  for  the  two  main  excitation  bands  with 
maxima  at  2.92  eV  and  2.85  eV  were  measured  at  various  illumination  levels.  The 
experimental  relaxation  curves  for  the  2.92  eV  band  are  shown  in  Figure  2.  Closely  similar 
time  dependences  were  measured  at  2.85  eV  excitation.  It  has  been  found  that 
the  relaxation  law  for  the  photo-emf  during  contact  illumination  is 
ecp  =  ^ln[giW{l  —  exp{—tfT))  -h  1],  where  gi  is  a  factor  of  the  order  of  10^^  and  JV  is 
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FIGURE  3  Dependence  of  the  relaxation  time  constant  on  the  illumination  intensity.  (A)  Ae^i  =  425  nm 
(2.92  eV),  0-1  =  5.0  ±  0.4  x  lO-'^cm^;  (□)  Ae^2  =  437  nm  (2.85  eV),  -  7.7  ±  0.3  x  10“*^  cm^. 


the  intensity  of  illumination  in  term  of  photon/cm^sec.  An  increase  of  the  time  constant  r 
with  decreasing  illumination  intensity  was  observed.  Such  behaviour  is  governed  by  the 
nonequilibrium  excitation  kinetics  and  allows  us  to  determine  the  value  of  the  cross  section 
a  for  the  capture  of  a  photon  by  an  electron  at  an  impurity  or  defect  center.  Under 
conditions  in  which  the  competing  absorption  processes  are  unimportant  1/r  is 
proportional  to  ^  aW  at  high  illumination  intensities.^  The  estimation  of  the  cross 
sections  for  the  capture  of  a  photon  for  the  electronic  transitions  under  consideration  gives 
the  values  of  the  order  of  magnitude  of  cm^  (Figure  3).  These  values  look  quite 
reasonable  for  the  photon  capture  cross  section  at  deep  noncharged  imperfection  or 
impurity  levels.  The  transient  experiments  have  shown  that  the  photocamer  lifetimes  in  the 
crystals  are  of  the  order  of  1000  sec. 

In  superionic  crystals  diffusion  of  nonequilibrium  carriers  from  the  illuminated  region 
sets  in  motion  mobile  ions  in  such  direction  as  to  compensate  the  space  charge  and 
reestablish  the  neutrality  in  the  crystal.  The  movement  of  mobile  ions  and  nonequilibrium 
electrons  or  holes  comes  about  in  the  ambipolar  diffusion  regime  and  here  the  diffusion 
may  spread  over  considerable  distances,  governed  by  the  lifetime  of  free  carriers  and  their 
mobilities.  The  relaxation  characteristics  of  the  barrier  photo-emf  depending  on  the 
position  of  the  injection  region  between  the  contacts  were  tentatively  measured.  It  has  been 
found  that  behaviour  of  the  relaxation  transient  characteristics  at  generation  of 
nonequilibrium  holes  in  the  valence  band  by  light  having  energy  2.92  eV  is  radically 
different  from  that  of  the  the  characteristics  obtained  for  the  excitation  band  with 
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maximum  2.85  eV  corresponding  to  the  generation  of  nonequilibrium  electrons  in  the 
conduction  band.  Preliminary  data  obtained  substantiate  our  present  conclusions  and 
indicate  that  the  investigations  of  the  relaxation  of  the  barrier  photo-emf  using  a  traveling 
light  spot  with  high  spatial  resolution  are  useable  as  a  powerful  tool  to  determine  the 
lifetime  and  mobility  of  carriers  of  electron  subsystem  in  superionic  crystals.  Such  a  study 
is  now  in  progress. 
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The  local  evironments  of  Cd  and  Pb  cations  in  the  system  Cdi_xPbxF2  (x  =  0.6)  have  been  measured  by  means  of 
EXAFS.  A  comparative  analysis  of  the  Fourier  transforms  of  the  experimental  data  provides  evidence  of  the  Pb-F 
bond  length  being  longer  than  the  Cd-F  one.  Furthermore,  our  studies  show  a  loss  of  structure  around  the  PbCLm) 
edge  with  increasing  temperature.  This  suggests  that  the  temperature-induced  vacancies  on  the  anion  sub-lattice 
are  preferentially  located  adjacent  to  Pb  ions  as  previously  observed  in  PbSnF4  mixed-metal  fluorides.  The  results 
obtained  accord  well  with  our  computer  simulation  findings. 


Key  words:  EXAFS,  computer  simulation,  PbF2,  CdF2,  Cdo.4  Pbo.e  F2,  vacancies. 


1  INTRODUCTION 

EXAFS  measurements  are  carried  out  using  a  synchrotron  as  a  source  for  x-ray  radiation. 
In  this  study,  EXAFS  technique  is  used  to  elucidate  the  temperature  dependence  of  the 
local  structures  of  Cd  and  Pb  cations  in  CdF2-PbF2  systems.  These  experimental  studies 
will  be  complemented  by  computer  modelling  studies. 

Previous  EXAFS  studies  on  mixed-metal  fluorides  with  very  high  F“  ion  conductivities 
such  as  RbBiF4  and  PbSnF4  successfully  revealed  the  local  structural  environments  of 
their  respective  cations.  The  main  features  of  note  were  the  contrasts  between  the 
temperature  dependence  of  the  cation-anion  amplitudes  and  frequencies.  Furthermore,  F“ 
vacancies  were  preferentially  located  in  anion  sites  neighbouring  cations  having  larger 
ionic  radii  and  lower  charges.  This  intriguing  behaviour  was  attributed  to  the  fact  that  it  is 
easy  to  remove  ions  from  sites  in  excess  of  singly  charged  ions  (e.g.  Rb  in  RbBiF4)  than  to 
remove  them  from  sites  adjacent  to  the  more  highly  charged  Bi  ions.  In  the  present 
investigation,  both  cations  have  the  same  charge  (+2)  as  in  PbSnF4,^  so  that  no 
electrostatic  advantage  exists  for  the  creation  of  F“  vacancies  in  anion  sites  adjacent  to  the 
cations  with  an  excess  of  either  Cd  or  Pb  ions. 

Cdi_xPbxF2  mixed  crystals  also  possess  high  levels  of  F“  ion  disorder.^  Recent  high 
temperature  studies  on  these  compounds^"^  have  provided  strong  evidence  for  a  relatively 
low  value  of  the  transition  temperature  Tc  to  the  fast-ion  phase.  However,  a  detailed  study 
of  their  structural  properties  is  still  lacking.  For  these  reasons  it  is  particularly  suitable  for  a 
predictive  theoretical  and  EXAFS  experimental  studies  on  Cdo.4Pbo.6F2  system.  This 
compound  has  been  chosen  since  it  exhibits  the  lowest  Tc  in  the  entire  range  of 
Cdi_xPbxF2  mixed  systems. 
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FIGURE  1  EXAFS  experimental  Fourier  transforms  for  the  Cd  [(a)  and  (b)]  and  Pb  [(c)  and  (d)]  edges  in  CdF2 
and  PbF2  at  300  and  500  K,  respectively. 


2  EXAFS  THEORY 

EXAFS  is  a  technique  which  yields  information  on  the  local  structures  of  a  specific  kind  of 
atom  in  disordered  systems.  In  these  experiments,  X-ray  absorption  is  measured  as  a 
function  of  an  X-ray  energy  on  the  high-energy  side  of  an  absorption  edge.  In  the  single 
scattering  approximation  the  oscillatory  EXAFS  function  x(k)  can  be  mathematically 
represented  by  the  following  equation 

X(k)  =  ^  [Nj/kR/]  I  fjW  I  exp(-2a^jk^)  exp(-2Rj/A)  x  sin(2kRj  +  (/>j(k))  (1) 

j 

where  EXAFS  oscillation  frequency  arising  from  each  shell,  j,  is  given  by  Fj(k)  and  the 
amplitude  of  oscillations  by  Aj,  so  that 

x(k)  =  ^Aj(k)xFj(k)  (2) 

j 

The  EXAFS  data  are  processed  using  the  SRS  library  programs  EXCALIB  and  EXBACK 
and  the  subsequent  data  are  analyzed  by  an  iterative  EXCURV92  package  which  generates 
theoretical  spectra.  The  phaseshifts  for  a  particular  atom  pair  are  obtained  empirically, 
using  appropriate  model  compounds  with  known  geometries.^  In  this  work,  CdF2  and 
PbF2  are  the  model  compounds. 
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FIGURE  2  EXAFS  experimental  Fourier  transforms  for  the  Pb  [(a)  and  (b)]  and  Cd  [(c)  and  (d)]  edges  in 
Cdo.4Pbo.6F2  at  300  and  500  K,  respectively. 


3  EXPERIMENTAL  DETAILS 

3.1  Sample  Preparations 

The  2:3  mixtures  of  CdF2  and  PbF2  powders  of  high  purity  were  intimately  mixed  and 
melted  in  quartz  tubes  at  temperatures  above  1100  K  until  a  uniformly  clear  melt  was 
obtained  under  high  vacuum  Q0“^  torr).  Crystalline  PbF2  was  prepared  as  a  reference 
specimen  in  EXAFS  analysis  for  the  Pb  edge  in  Cdo.4Pbo.6F2,  whilst  powdered  CdF2  was 
used  for  the  Cd  edge.  X-ray  diffraction  patterns  were  collected  to  check  that  single  cubic 
fluorite  phase  crystals  had  been  prepared.  These  prepared  specimens  were  finely  ground  (< 
20  pm)  with  a  mortar  and  presstle  and  well  diluted  with  silica  and  boron  nitride  into  thin 
coherent  pellets  using  a  13  mm  die.  After  preparation  the  samples  were  mounted  in  an 
evacuable  crystal  heating  furnace. 

3.2  Experimental  Conditions 

The  EXAFS  measurements  of  Pb(Lni)  and  Cd(K)  edges  in  Cdo.4Pbo.6F2  were  carried  out 
using  the  SERC  synchrotron  radiation  facilities  at  EXAFS  stations  7.1  (for  the  Pb  edge) 
and  9.2  (for  the  Cd  edge).  X-ray  absorption  spectra  for  the  two  edges  were  measured  at 
various  temperatures  in  transmission  mode  using  a  channel-cut  Si  (1 1 1)  monochromator  to 
study  the  Pb(Liii)  edge  and  the  Si  (220)  one  for  the  Cd  edge.  All  scans  were  typically  40 
min.  duration.  During  the  data  collection,  the  SRS  was  operated  at  about  2.0  GeV  with  a 
typical  beam  current  of  150  mA. 
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FIGURE  3  Pb-F  [(a)  and  (b)]  and  Cd-F  [(c)  and  (d)]  radial  distribution  functions  in  Cdo.4Pbo.6F2  at  300  and 
500  K,  respectively. 


4  COMPUTER  MODELLING  TECHNIQUE 

Molecular  dynamics  (MD)  simulations  were  conducted  using  procedures  incorporated  in  a 
FUNGUS  program.^  As  in  previous  MD  simulations,  empirically  derived  rigid-ion 
potentials  were  employed.  In  the  fluorite  structure  of  Cdi_xPbxF2,  Cd  and  Pb  cations,  form 
a  fee  lattice.  First  Cd  ions  were  placed  on  all  alternate  cube  centers  sites,  forming  CdF2. 
Next  a  suitable  number  of  Cd  ions  were  replaced  at  random  by  Pb  ions  forming 
Cdo.4Pbo.6F2.  Several  simulation  runs  were  made  at  temperatures  corresponding  to  those 
used  in  EXAFS  measurements.  Time  dependent  structural  properties  were  acquired  via 
radial  distribution  functions. 


5  RESULTS  AND  DISCUSSIONS 

The  Fourier  transforms  for  the  experimental  and  theoretical  spectra  of  CdF2  and  PbF2 
compounds  are  shown  in  Figure  1.  Both  spectra  clearly  reveal  two  peaks  corresponding  to 
cation-anion  (for  the  first  shell)  and  cation-cation  (for  the  second  shell)  radial  distances. 
The  amplitudes  of  their  second  peaks  diminish  with  an  increase  in  temperature.  However, 
for  the  Pb(Liii)  edge,  the  spectrum  of  the  second  peak  splits  into  two.  Such  a  phenomenon 
is  not  observed  on  the  Cd  edge. 

Figure  2  shows  the  Fourier  transform  plots  for  the  Cd(K)  and  Pb(Liii)  edges  in 
Cdo.4Pbo.6F2  at  300  and  500  K.  Their  Fourier  transforms  are  different,  indicating  different 
local  geometries  for  the  two  cations  in  Cdo.4Pbo.6F2.  Both  PDFs  contains  only  one  well- 
defined  peak.  These  results  accord  well  with  our  molecular  dynamics  findings  (Figure  3). 
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Hence,  the  level  of  disorder  in  Cdo.4Pbo.6F2  is  modelled  satisfactorily.  The  peak  in  the  Pb- 
F  radial  distance  is  also  broader  than  that  in  the  Cd-F  radial  distance.  This  suggets  that  the 
static  disorder  in  the  Pb-F  coordination  shell  is  greater  than  the  Cd-F  one.  A  similar  result 
was  found  by  Cox  et  aP  for  Rb-F  in  RbBiF4.  The  first  peak  (at  300  K)  in  the  Cd-edge 
Fourier  transform  is  almost  three  times  greater  than  that  of  the  Pb-edge.  Furthermore  there 
is  a  significant  reduction  in  the  amplitudes  of  the  Pb  peaks  with  temperature  increase  as 
compared  to  the  Cd  peaks. 

In  the  present  study,  coordination  numbers  were  kept  fixed  to  their  preset  values.  In 
Tables  1-2  we  compare  our  EXAFS  and  simulation  bond  lengths.  The  two  sets  of  results 
are  generally  in  good  agreement.  Both  methods  indicate  that  the  Cd-F  radial  distances  are 
shorter  than  those  for  Pb-F.  The  results  further  indicate  that  the  Cd-F  and  Pb-F  distances 
reduce  with  an  increase  in  temperature.  The  same  behaviour  was  observed  on  the  Bi  and 
Sn  edges  in  RbBiF4  and  PbSnF4,  respectively.^"^  Furthermore,  we  note  that  the  Debye  - 
Waller  factors  obtained  in  all  our  analyses  are  high  for  the  Pb  edge,  refiecting  the  extensive 
disorder  around  the  Pb  cations  in  Cdo.4Pbo.6F2. 


Table  I 

Radial  distances  (RD)  for  the  Cd  edge  in  Cdo.4Pbo.6F2  as  a  function  of  temperature. 


T(K) 

Atom 

type 

Coordination 

number 

Simulated 

RD(A) 

EXAFS 

RD  (A) 

Debye-Waller 
factor  (A^) 

300 

F 

8 

2.192 

2.287 

0.024 

Pb 

12 

3.735 

3.887 

0.050 

500 

F 

8 

2.190 

2.219 

0.033 

Pb 

12 

3.769 

3.924 

0.063 

We  may  summarise  our  observations  in  the  following  manner.  Cations  with  large  ionic 
radii  (e.g.  Pb^+)  promote  vacancy  stabilisation  in  neighbouring  sites.  Kosacki  et  al^  also 
observed  that  the  ionic  transport  processes  in  Cdi_xPbxF2  are  determined  by  the  fluorine 
ion  movement  in  the  nearest  neighbourhood  of  Pb  ions.  This  is  well  supported  by  our 
EXAFS  and  simulation  results.  Hence,  Cdo.4Pbo.6F2  can  serve  as  a  better  electrolyte  in 
future  microbatteries. 


Table  H 

Radial  distances  (RD)  for  the  Pb  edge  in  Cdo.4Pbo.6P2  as  a  function  of  temperature. 


T(K) 

Atom 

type 

Coordination 

number 

Simulated 

RD  (A) 

EXAFS 

RD  (A) 

Debye-Waller 
factor  (A^) 

300 

F 

8 

2.539 

2.471 

0.053 

Pb 

12 

4.177 

4.192 

0.050 

500 

F 

8 

2.500 

2.437 

0.077 

Pb 

12 

4.173 

4.131 

0.057 
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AMORPHOUS  SOL-GEL  DERIVED  LEAD  TITANATE 
THIN  FILMS  USED  AS  PASSIVE  WAVEGUIDES 
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Sol-gel  derived  Pb0-Ti02  waveguides  were  prepared  on  pyrex  substrates  using  the  dip  coating  technique.  Heat 
treatments  conducted  at  200°C,  300°C  and  400X  for  one  hour  led  to  the  densification  of  the  layers  and  the 
increase  of  the  refractive  index  values.  The  effect  of  water  concentration  in  the  precursor  sol  on  the  optical 
qualities  of  the  waveguides  is  reported.  Monolayer  waveguides  prepared  with  high  water  concentration  provid^ 
the  best  coefficients  of  attenuation  values  (<  1  dB/cm).  Preliminary  study  of  Waveguide  Raman  Spectroscopy  is 
presented. 

Key  words:  Sol-Gel,  Pb0-Ti02,  Planar  waveguides. 


1  INTRODUCTION 

Thin  films  of  the  Pb0-Ti02  system  have  recently  earned  some  great  interest.^  Indeed 
ferroelectric  PbTiOs  thin  films  and  crystallized  PbTiOs  waveguides  have  already  been 
studied  by  several  authors.^’^’"^  Amorphous  PbO-Ti02  optical  waveguides  have  been  fare 
less  investigated.  In  this  study  the  optical  qualities  of  thin  amorphous  Pb0-Ti02  films 
prepared  by  sol-gel  process,  at  low  annealing  temperatures  (between  200°C  and  400°C), 
were  measured.  Sol-gel  method  for  the  deposition  of  thin  layers  has  many  known 
advantages  including  low  processing  temperatures,  good  homogeneity,  easy  control  of 
composition,  deposition  on  large  area  substrates,  inexpensive  equipment  and  so  on. 

Single  and  multilayer  Pb0-Ti02  thin  films  were  prepared  on  pyrex  substrates  using  the 
dip-coating  technique.  The  thickness,  the  index  of  refraction  and  the  optical  loss  evolutions 
as  a  function  of  annealing  temperature  and  water  /  ethoxide  molar  ratio  in  the  precursor  sol 
were  analysed.  Refractive  index  and  thickness  were  determined  by  m-lines  spectroscopy. 
A  microcomputer-assisted  video  camera  system,  described  below,  was  used  to  measure 
waveguide  attenuation.  Preliminary  results  provided  by  the  so  called  Waveguide  Raman 
Sectroscopy^  (WRS)  were  presented. 


2  EXPERIMENTAL 
2.1  Waveguides  Preparation 

Lead  acetate  trihydrate  Pb(OCOCH3)2,  3H2O  and  titanium  isopropoxide  Ti(OCH(CH3)2)4 
were  used  as  precursors  for  preparing  the  lead  titanate  sol  (molar  ratio  Pb/Ti  =1).  The  lead 
salt  solution  was  obtained  by  dissolving  lead  acetate  trihydrate  in  an  acetic  acid  solution 
(concentration^  700g/l).  Various  quantities  of  water  were  added  to  promote  hydrolysis 
and  condensation.  To  maintain  a  stable  precursor  sol,  titanium  isopropoxide  was  modified 
with  acetylacetone^  (AcacH)  following  the  exothermic  reaction: 
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FIGURE  1  Waveguide  Raman  Spectroscopy  spectrum  of  a  monolayer  Pb0-Ti02  waveguide  (n  =  10)  densified 
at  400°C  for  1  hour. 


Ti(OiPr)4  +  2AcacH  Ti(OiPr)2(AcacH)2  +  2PriOH 

Methanol  was  added  to  adjust  sol  viscosity.  Different  sol  containing  n  =  3,  10  and  20  mole 
of  water  for  6  mole  of  ethoxide  were  prepared. 

Pyrex  slides  substrates  with  an  area  of  75*25  mm^  were  carefully  cleaned  and  dip-coated 
into  the  sol  with  a  withdrawal  speed  of  50  mm/min.  The  films  were  then  heat  treated  under 
oxygen  flow  to  remove  solvents  and  organic  compounds.  Successive  heat  treatments  were 
conducted  for  1  hour  at  different  annealing  temperatures  (200°C,  300°C  and  400°C).  High 
transparency  monolayer  and  multilayer  films  were  obtained  and  studied  at  room 
temperature. 

2.2  Waveguides  Characterization 

Refractive  index  and  thickness  In  the  ‘m-lines  spectroscopy’  technique  two  propagating 
modes  are  at  least  required  to  provide  a  precise  determination  of  both  refractive  index  and 
thickness  of  single  or  multilayer  thin  films  assuming  a  step  index  waveguide  stmcture.  The 
incident  light  was  polarized  either  parallel  (TE  mode)  and  perpendicular  (TM  mode)  to  the 
waveguide  plane.  The  optical  measurements  were  made  at  a  wavelength  of  632.8  nm. 
Monolayer  films  were  monomode  TE  and  TM  so  that  thickness  and  index  of  refraction  of 
those  films  were  not  determined. 

Optical  loss  measurements  Optical  loss  of  the  films  was  obtained  by  measuring  the 
propagated  light  scattered  from  the  waveguide  as  a  function  of  the  position.  The  light  is 
taken  to  be  proportional  to  the  intensity  in  the  waveguide  at  that  position,  thereby  assuming 
the  scattering  to  be  uniform  throughout  the  layer.  A  video  camera  was  set  to  observe  the 
light  streak  of  the  excited  mode  in  the  waveguide  and  the  output  video  signal  of  the  camera 
is  directly  sent  to  a  microcomputer.  The  logarithm  of  the  scattered  intensity  versus  the 
propagation  position  was  plotted  and  a  linear  least  squares  fit  of  the  scattering  points  gave 
the  average  optical  loss  (in  dB/cm). 
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3  RESULTS  AND  DISCUSSION 

3.1  Refractive  Index  and  Thickness 

Refractive  index  and  thickness  results,  obtained  on  five-layer  films  by  m-lines  spectroscopy 
technique,  were  summed  up  in  Table  L  Those  multimode  films  were  found  to  support  three 
TE  modes  and  three  TM  modes  after  a  200°C  heat  treatment,  whereas  only  two  TE  modes 
and  two  TM  modes  could  be  excited  in  films  annealed  at  300°C  and  400°C.  The  Table 
revealed  that  the  smaller  the  water  quantities  in  the  precursor  sol,  the  thicker  the  films.  For 
example,  the  film  thickness  decreased  from  632  nm  to  547  nm  when  increasing  the  water 
content  from  n  =  3  to  n  —  20,  at  the  same  annealing  temperature  (200°C).  Generally,  a 
high  water  concentration  increased  the  rate  of  hydrolysis  and  induced  a  more  densified 
network.  This  densification  should  affect  film  thickness  as  well  as  film  index.  However,  it 
can  be  noticed  that  the  amount  of  water  had  almost  no  effect  on  refractive  indices,  as 
already  observed  by  Budd  et  al.,^  suggesting  that  the  rate  of  hydrolysis  is  not  the  main 
parameter  for  such  layers  elaboration.  A  densification  of  about  120  nm  and  a  refractive 
index  increase  were  also  simultaneously  observed  when  increasing  the  annealing 
temperature  from  200°C  to  400°C,  whatever  the  water  concentration  introduced  into  the 
sol. 

TABLE  I 

Refractive  index  and  thickness  evolution  of  five-layer  PbO-TiOi  films  with  annealing  temperature  and  water  of 
hydrolysis  content  in  the  precursor  sol  (n  represented  the  mole  number  of  water  for  6  mole  of  ethoxy  groups). 


Annealing 

temperature 

n  =  3 

n  =  10 

n  =  20 

Thickness 

200°C 

638 

619 

547 

(±  2  nm) 

300"C 

539 

515 

444 

400°C 

517 

480 

417 

Refractive 

200°C 

1.95 

1.94 

1.93 

index  (±  0.01) 

300'’C 

1.96 

2.05 

2.01 

(632.8  nm) 

400"C 

2.04 

2.06 

2.04 

3.2  Optical  Loss  Measurements 

Optical  coupling  prism  formed  cracks  on  five-layer  films,  preventing  light  propagation  by 
creating  randomly  distributed  scattering  centers  in  the  waveguides.  Propagation  loss  was 
then  investigated  at  632.8  nm  on  monolayers  (monomode  TE  and  TM)  for  the  TEq  excited 
mode  and  thus  was  assumed  to  be  the  same  for  multilayer  films  because  of  homogeneity 
between  the  different  layers.  Attenuation  results  were  summarized  in  Table  H.  Best  results 
were  obtained  for  waveguides  prepared  with  high  water  concentration  and  annealed  at 
temperature  higher  than  300°C.  Indeed,  high  rate  of  hydrolysis  induced  better  particle  size 
homogeneity.  More  generally,  propagation  loss  decreased  with  increasing  annealing 
temperature  and  subsequently  with  densification  of  the  layers  and  the  removal  of  the 
organic  compounds.  Discontinuities  in  scattered  intensity  were  sometimes  observed  along 
the  propagation  direction,  suggesting  local  inhomogeneities  or  defects  in  some  waveguides. 
A  cleaner  environment  (clean  room)  could  improve  the  optical  qualities  of  the  waveguides. 

3.3  Waveguide  Raman  Spectroscopy 

Details  and  advantages  of  WRS  technique  have  already  been  described  elsewhere.^ 
Measurements  of  Raman  spectra  were  conducted,  from  7  cm"^  up  to  800  cm”  ^  On 
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monolayers  prepared  form  various  water  of  hydrolysis  content  and  annealed  at  different 
temperatures.  No  perturbation  due  to  the  pyrex  substrate  was  detected.  The  spectra  obtained 
were  quite  similar  whatever  the  water  quantities  in  the  precursor  sol  and  the  temperature  of 
densification.  A  typical  Raman  spectrum  for  a  waveguide  heat-treated  at  400° C  for  1  hour  is 
shown  in  figure  1.  This  spectrum  presented  two  large  peaks  around  50  cm^  and  100  cm“^ 
and  a  broad  band  around  750  cm“^  Nakamura  et  aL  had  already  observed  the  same 
responses,  characteristic  of  the  amorphous  state,  when  studying  molten  99.9%  PbTi03 
crystalline  powder.^  It  can  then  be  deduced  from  Waveguide  Raman  Spectroscopy  study 
that  the  layers  remained  in  the  amorphous  phase  with  increasing  the  annealing  temperature 
from  200°C  to  400°C. 


TABLE  n 

Optical  loss  of  the  TEq  mode  for  monolayer  PbO-Ti02  waveguides  (632.8  nm)  for  various  annealing  temperature 

and  water  content  in  the  precursor  sol. 


Annealing 

temperature 

n  =  3 

n=  10 

8 

II 

c 

Attenuation 

200°C 

6.12  ±  0.40 

3.83  ±0.34 

3.44  ±  0.34 

coefficient 

300°C 

4.53  ±  0.35 

2.89  ±  0.50 

0.86  ±  0.30 

(dB/cm) 

400°C 

2.09  ±  0.45 

2.43  ±  0.30 

0.95  ±  0.40 

4  CONCLUSION 

The  optical  qualities  obtained  on  PbO-Ti02  amorphous  films  at  low  annealing  temperature 
(between  200° C  and  400° C)  make  them  interesting  candidate  for  monomode  or  multimode 
passive  waveguides  with  relatively  low  attenuation  coefficient.  Best  results  were  observed 
for  the  films  prepared  with  high  water/ethoxy  group  molar  ratio.  Those  films  provided  a 
very  low  attenuation  coefficient  (<  1  dB/cm)  when  densified  over  300° C.  More  generally, 
thickness,  refractive  index  and  optical  loss  values  depended  on  the  annealing  temperature 
and  on  the  concentration  of  the  water  in  the  precursor  sol.  WRS  study  confirmed  the 
amorphous  state  of  the  layers  with  increasing  the  temperature  of  densification  up  to  400°C, 
whatever  the  water  content  in  the  precursor  sol. 
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ULTRASONIC  ATTENUATION  MEASUREMENTS  IN 
NEUTRON-IRRADIATED  QUARTZ:  THE  INFLUENCE 
OF  HEAT  TREATMENT  FOR  A  DOSE  OF 
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Ultrasonic  attenuation  measurements  are  carried  out  for  a  quartz  specimen  irradiated  with  4.7  x  10^®  n/cm^  and 
annealed  at  700‘’C  during  1  hour.  This  dose  is  interesting  because  it  ia  situated  in  the  ‘threshold  region’.  The 
measurements  are  carried  out  as  a  function  of  temperature  (0.3-20  K)  for  different  frequencies  (80-300  MHz). 
The  data  show  a  behaviour  that  is  qualitatively  similar  to  previous  observations  for  a  much  lower  dose,  and 
indicate  a  tendency  to  return  to  the  crystalline  state. 

Key  words:  rieutron  irradiated  quartz,  tunneling  states,  ultrasonics,  disordered  solids. 


1  INTRODUCTION 

It  is  well  known  that  amorphous  solids  show  low-temperature  properties  which  are  quite 
different  from  those  of  crystals.^  These  ‘glassy  anomalies’  can  be  successfully  described 
by  the  tunneling  model, ^  which  assumes  the  existence  of  low  energy  excitations.  But  the 
microscopic  origin  of  these  so-called  tunneling  states  (TS)  is  still  unclear.  In  order  to 
contribute  to  this  study,  defective  crystals  are  very  interesting:  defects  in  a  mainly 
crystalline  environment  are  niore  easy  to  study  than  the  disorder  of  the  amorphous 
network.  In  particular  neutron-irradiated  quartz  is  very  attractive  as  a  model  for  the  glassy 
state,  since  varying  the  neutron  dose  allows  continuous  structural  variations  from  the 
ordered  crystal  to  the  amorphous  network  disorder.  Thermal  and  acoustic  measurements  in 
neutron-irradiated  quartz  revealed  similar  ‘anomalies’  as  amorphous  solids,  which  are 
explained  by  die  presence  of  TS,  similar  in  nature  to  those  in  vitreous  silica,  but  with  a 
lower  density  of  states.^’'* 

Upon  heat  treatment,  quartz  irradiated  with  a  neutron  dose  above  a  threshold  of 
approximately  6  x  10^^  n/cw?  evolves  to  vitreous  silica;^  for  doses  below  that  threshold, 
irradiated  quartz  returns  to  the  crystalline  state.  The  dose  separating  these  2  regions  is 
however  not  well  defined,  and  should  rather  be  seen  as  a  ‘threshold  region’  instead  of  a 
sharply  defined  threshold  dose.  In  ref.  6,  we  discussed  ultrasonic  attenuation  measurements 
after  heat  treatment  at  700‘'C  of  a  quartz  sample  irradiated  with  a  dose  of  1 .2  x  10^^  n/ cm^ 
(further  referred  to  as  K2N3).  This  dose  is  situated  well  below  the  threshold  and  our 
measurements  showed  indeed  a  tendency  to  return  to  the  crystalline  state,  although  there 
were  still  TS  left.  In  this  paper,  we  report  the  results  of  the  study  of  the  TS  upon  heat 
treatment  extended  to  a  higher  dose  of  4.7  x  10^^  n/cm^,  situated  in  (or  very  near)  the 
‘threshold  region’.  These  measurements  will  be  discussed  in  the  framework  of  the 
tunneling  model  and  compared  with  the  previous  results  after  heat  treatment  for  the  lower 
dose  of  1.2  X  10^^  n/cm^. 
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FIGURE  1  Utrasonic  attenuation  in  neutron  irradiated  quartz  (dose  4.7  x  10^^  n/cm^)  before  and  after  heat 
treatment  at  700° C. 


2  EXPERIMENTAL  RESULTS  AND  DISCUSSION 


An  x-cut  quartz  sample,  labeled  K4N4,  was  irradiated  up  to  a  dose  of  4.7  x  10^^  n/cm^ 
(E  >  0.3  MeV).  The  mass  density  of  the  sample  was  measured  by  a  hydrostatic  method: 
p  =  2.571  g/cm^.  The  sample  has  then  been  heat  treated  during  1  hour  at  700°C.  Due  to 
this  annealing,  the  density  of  the  sample  increased  to  p  —  2.596  g/cm^.  After  the  heat 
treatment,  the  ultrasonic  attenuation  has  been  measured  as  a  function  of  temperature,  for 
different  frequencies.  Figure  1  shows  the  results  at  305  MHz  together  with  the  absorption 
measured  prior  to  annealing  (a  temperature-independent  residual  attenuation  qq  is 
subtracted  from  the  measurements).  As  can  be  seen,  the  heat  treatment  causes  a  noticeable 
decrease  of  the  attenuation,  but  both  curves  show  a  similar  qualitative  behaviour:  at  the 
lowest  temperatures,  a  T^ -behaviour  is  observed,  which  levels  off  to  a  plateau  at  higher 
temperatures.  This  behaviour  shows  undoubtedly  the  presence  of  TS.  Indeed,  at  very  low 
temperatures,  the  tunneling  model  predicts  a  temperature-dependent  absorption:^ 


a  = 


(1) 


whereas  at  higher  temperatures,  the  attenuation  is  given  by:^ 
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FIGURE  2  Ultrasonic  attenuation  in  neutron  irradiated  quartz  (dose  4.7  x  10^^  n/cm^)  after  heat  treatment  at 
700°C  (1  hour)  for  different  frequencies. 


TTCJ  ^  'KUP^} 

a  =  C  =  — — 

2v/  2pv^ 


(2) 


which  gives  rise  to  a  temperature-independent  plateau.  In  the  equations  above,  P 
describes  the  density  of  states  of  the  TS,  7/  and  7^  represent  the  coupling  of  the  TS  with 
respectively  the  longitudinal  and  transverse  phonons.  In  Figure  2,  the  attenuation  after 
1  hour  heat  treatment  at  700° C  is  given  for  3  frequencies.  It  illustrates  the  frequency- 
independent  attenuation  of  the  -behaviour,  which  agrees  with  the  predictions  of  the 
tunneling  model  (eq.  1).  It  shows  also  clearly  that  the  height  of  the  plateau  increases 
linearly  with  the  frequency  (eq.  2). 

The  observed  decrease  of  the  attenuation  after  heat  treatment  indicates  ^at  the  TS  start 
to  disappear.  Since  the  plateau  is  proportional  to  the  TS-parameter  P^f  (eq.  2),  a 
comparison  of  the  attenuation  before  and  after  heat  treatment  for  similar  frequencies 
reveals  that  P'^'f  is  reduced  with  about  50%.  Since  the  shape  of  the  curve  remains 
unchanged  upon  annealing,  we  can  assume  that  the  coupling  parameter  is  not  drastically 
changed.  This  implies  that  the  heat  treatment  will  mainly  affect  the  density_of  states  P 
of  the  TS,  This  was  also  the  ca^  for  the  lower  dose  K2N3.^  The  decrease  of  P^f  can  thus 
be  attributed  to  a  decrease  of  P,  indicating  a  tendency  to  return  to  the  crystalline  state. 
These  observations  may  lead  to  the  conclusion  that  the  sample  K4N4  with  a  dose  of 
4.7  X  10^^  n/cm^  behaves  like  the  sample  K2N3  irradiated  with  a  lower  dose,  i.e.  like  a 
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dose  well  below  the  threshold  region.  It  is  however  interesting  to  note  some  significant 
differences  between  both  samples  after  heat  treatment:  where  the  mass  density  of  K2N3 
returned  upon  annealing  to  the  density  of  a-quartz  (p  =  2.650  g/cm^),  the  mass  density  of 
K4N4  increased  only  to  2.596  g/cm^.  Moreover,  the  fraction  of  TS  left  in  K4N4  after  heat 
treatment  is  still  remarkably  high,  even  higher  than  the  density  of  states  in  K2N3  prior  to 
heat  treatment.  Recent  measurements,  carried  out  after  longer  heat  treatments  and  for 
higher  annealing  temperatures  indicate  no  further  changes  in  the  mass  density  and  only  a 
slight  further  decrease  of  ?  is  observed.  A  complete  return  to  the  crystalline  structure 
seems  therefore  to  be  rather  unlikely.  This  can  be  interpreted  in  terms  of  the  created 
disordered  regions  and  their  overlap.  According  to  Grasse  et  aL^  high  energetic  neutrons 
create  defective  regions  with  a  glassy  structure  and  a  density  smaller  than  the  crystal.  For 
relatively  low  doses,  they  form  ‘islands’  in  the  crystalline  matrix.  With  increasing  dose, 
these  regions  grow  in  number  and  tend  to  overlap.  The  disorder  of  these  overlapping 
regions  might  then  be  too  big  to  return  to  the  crystalline  structure  after  annealing,  and  the 
clusters  will  rather  evolve  to  a-Si02.  A  detailed  quantitative  analysis  of  these  and 
additional  measurements  is  in  progress. 
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STUDY  OF  THE  K4  2Tii2(P04)3  GLASS  BY 
DIELECTRIC  AND  RAMAN  SPECTROSCOPY 


C.  Z.  TAN,  O.  KANERT  and  R.  KUCHLER 
Institute  of  Physics,  University  of  Dortmund,  D-44221  Dortmund,  Germany 


The  K4.2Tii.2(P04)3  glass  was  used  to  study  the  interaction  between  dipoles  and  ions  by  dielectric  and  Raman 
spectroscopy.  The  activation  energies  for  the  K'*'  migration  and  dipole  orientation  were  evaluated  to  be 
0.61  ±  .01  eV  and  1.1 1  ±  .02  eV,  respectively.  Two  coordinations  of  Ti  were  identified  by  the  Raman  scattering 
experiment.  Decrease  of  the  Raman  scattering  intensity  was  observed  under  the  static  electric  field. 

Key  words:  Glass,  ion  migration,  dipole  orientation,  raman  spectrum. 


1  INTRODUCTION 

The  response  of  a  polar  glass  to  an  applied  electric  field  occurs  through  polarization  of 
electrons  and  dipoles,  and  through  migration  of  charge  carriers,  e.g.  ions  and  localized 
charge  defects.^  Each  polarization  process  has  a  characteristic  correlation  time  which 
depends  on  temperature.  Examination  of  dielectric  relaxation  in  the  polar  glass  is  shown  to 
provide  detailed  information  about  the  different  correlation  times.  At  sufficiently  low 
temperatures,  the  contributions  of  dipole  orientation  and  ion  migration  on  the  ac 
conductivity  can  be  of  the  same  order,  which  can  be  monitored  by  impedance 
measurement.  The  purpose  of  this  work  is  to  investigate  the  interaction  between  dipoles 
and  ions  in  the  K4.2Tii.2(P04)3  glass  by  dielectric  relaxation  and  in-situ  measurements  of 
Raman  spectra  under  the  applied  electric  field. 


2  EXPERIMENTAL 

Crystalline  KTi0P04(KTP)  is  a  ferroelectric  and  one  of  the  best  non-linear  optical 
materials.  A  glass  with  the  composition  of  K4.2Tii.2(P04)3  was  prepared  which  is  similar 
to  KTP  in  composition.  Ti02  (Aldrich),  K2CO3  (Ruka),  and  NH4H2PO4  (Baker)  were 
used  as  starting  materials.  The  powder  was  mixed  and  then  melted  in  a  silica  crucible  in  an 
electric  fiimace  at  1623  K  for  1  hour.  The  melt  was  then  quenched  in  a  nickel  capsule  and 
annealed  at  623  K  for  12  hours.  For  the  impedance  measurement  the  glass  specimens  were 
cut  into  thin  slices  and  polished.  Gold  electrodes  were  sputtered  onto  the  disc-like  samples 
in  vacuum.  Dielectric  measurements  were  performed  from  0.1  to  100  kHz  with  a  1260 
Impedance  Gain-Phase  Analyzer  and  a  Chelsea  Dielectric  Interface.  Raman  scattering 
experiments  were  carried  out  with  the  T64000  spectroscopy  (Jobin  YVON,  ISA). 


3  RESULT  AND  DISCUSSION 

Figure  1  shows  the  temperature  dependence  of  the  real  part  of  conductivity  of  the  glass  at 
different  frequencies.  In  the  temperature  range  of  350-630  K,  a  frequency  independent  dc 
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FIGURE  1  log((jT)  vs.  1/T  for  the  glass  at  different  frequencies. 


conductivity  is  observed  in  a  restricted  frequency  range  100—'--'  1000  Hz),  indicating 
that  the  glass  is  a  typical  ionic  conductor.  The  temperature  dependence  of  the  dc 
conductivity  follows  the  Nemst-Einstein  relation^ 

<7T  =  Aexp(-^)  (1) 

where  A  is  a  constant,  and  E  is  the  activation  energy  of  the  mobile  ions.  Evaluation  of 
the  data  yields  E  =  0.64  ±  .005  eV. 

At  low  temperatures  (from  203  K  to  253  K)  the  conductivity  is  found  to  increase  with 
increasing  frequency.  As  depicted  in  Figure  2,  the  electric  modulus  M"  exhibits  a 
maximum  which  is  related  to  tihe  ionic  jump  rate  1/r  by  the  condition  ur  =  1.  Evaluation 
of  the  position  of  the  maxima  leads  to 

T(r)==r„exp(E/kT)  (2) 

with  E  =  0.67  ±  .02  eV  indicating  the  underlying  process  is  due  to  the  movement  of 
ions.  As  shown  in  Figure  3,  in  the  restricted  temperature  range  (~  300  K—  350  K)  there 
are  two  separated  semicircular  arcs  in  the  —  p”  plot,  corresponding  to  two  different 
relaxation  processes.  The  temperature  dependence  of  the  characteristic  frequency  for  the 
two  processes  is  illustrated  in  Figure  4.  The  smaller  semicircular  arc  corresponds  to  the 
orientation  of  dipoles  at  low  frequencies,  and  the  other  is  related  to  the  migration  of  K"*"  at 
high  frequencies.  The  evaluated  activation  energies  for  dipole  orientation  and  K+ 
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FIGURE  2  Electric  modulus  M"  vs.  angular  frequency  u)  at  low  temperatures. 


migration  are  1.11  zb  .02  and  0.61  ±  .01  eV,  respectively.  The  activation  energies  of  K+ 
motion  evaluated  by  different  methods  are  found  to  be  in  good  agreement. 

The  glass  structure  and  its  variation  in  an  electric  field  were  measured  by  in-situ 
measurements  of  Raman  spectra  under  the  applied  electric  field.  As  shown  in  Figure  5,  two 
coordinations  of  Ti,  namely,  Ti04  and  TiO^  are  identified,  corresponding  to  the  bands  at 
927  and  630  cm“^  respectively.^  Decrease  of  intensity  of  the  bands  was  observed  under 
an  external  electric  field.  However,  the  positions  of  the  bands  are  found  to  remain 
independent  of  the  strength  of  the  field. 

For  non-linear  optical  materials,  the  polarization  vector,  P,  can  be  phenomenologically 
expressed  by  the  relation  of 

P  =  XiE  +  X2E^  +  XsE^  +  . . . 


(3) 
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FIGURE  3  p'—p"  plot  at  different  temperatures. 


where  XbX2jX3  constants,  and  E  denotes  the  external  electric  field.  For  the 
measurements  of  Raman  spectra  under  the  applied  dc  potential,  the  external  electric  field, 
E,  is  composed  of  the  optical  electric  field,  Eop  and  the  static  field,  Egi  E  =  Eop  +  Eg.  As  the 
Raman  scattering  intensity  is  only  associated  with  the  non-linear  part  of  polarization, 
according  to 

I  =  c(3x3EsE^p  +  X3E^p +  ...)'  W 


where  c  is  a  proportional  factor,  the  static  field  dependence  of  the  scattering  intensity  under 
the  constant  optical  field,  Eop,  is  generally  given  by 


1  +  aiEs  +  a.2El  +  . . . 


(5) 


where  ai,  a2  are  constants.  For  the  K4.2Tii.2(P04)3  glass,  the  evaluated  parameters  from 
Figure  5  are  listed  in  Table  I  (Eg  in  V/m).  Because  of  high  non-linearity,  this  glass  may  be 
used  as  a  good  non-linear  optical  material. 
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Table  1. 

Evaluated  parameters,  ai  and  a2  for  different  bands 


Band  277  cm“^ 

512  cm-* 

739  cm“* 

927  cm” 

ai  -8.14*10-® 

-1.04*10-’^ 

-1.53*10-’^ 

-1.81  *10-"^ 

a2  3.76  *  10-1^ 

3.72  *  10-*^ 

5.56  *  10"*“* 

7.28  *  10-*'* 
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Germany 

Laser  irradiation  induced  structural  relaxation  in  the  densified  Si02  glass  and  Si02  thin  film  has  been  probed  by 
collinear  photothermal  deflection  spectroscopy  (PDS).  Decreasing  of  optical  absorption  with  the  irradiation  of 
Ar+  laser  beam  was  observed  in  the  densified  Si02  glass  and  Si02  thin  film.  The  structural  relaxation  is  associated 
with  the  reactivation  and  recombination  of  localized  defects  which  can  be  well  described  by  the  proposed 
relaxation  function  of  $(0  =  (1  +  Distribution  of  relaxation  times  of  the  densified  glass  is  broader  than  that 

of  thin  film. 

Key  words:  Laser  irradiation,  Relaxation,  Densified  glass,  Thin  film.  Spectrum,  Si02. 


1  INTRODUCTION 

Glass  can  be  permanently  densified  by  high  pressure  and  by  fast  neutron  irradiation.  The 
densified  glass  can  relax  the  densified  structure  by  thermal  activation  and  optical 
irradiation.^"^  Permanent  densification  of  glass  is  associated  with  the  creation  and 
localization  of  defects,  while  structural  relaxation  of  densified  glass  is  related  to  the 
recombination  of  the  localized  defects."^  The  purpose  of  this  work  is  to  study  the  defect 
recombination  process  in  the  densified  silica  glass  and  the  EBD  Si02  thin  film  by  PDS. 

2  EXPERIMENTAL 

Photothermal  deflection  spectroscopy  (PDS)  is  used  to  perform  the  in-situ  measurement  of 
laser  irradiation  induced  structural  relaxation  in  the  densified  Si02  glass  and  Si02  thin 
film,  A  bulk  silica  glass  (Suprasil  W)  was  compacted  in  the  Belt  apparatus  at  60  Kbar  and 
873  K.  The  density  of  the  densified  Si02  glass  is  2.4925  g/cm^  (the  original  density  is 
2.2026  g/cm^).  The  Si02  thin  film  is  the  EBD  film  described  previously.^ 

The  experimental  setup  of  PDS  is  schematically  shown  in  Figure  1.  The  sample  is 
irradiated  with  a  Ar^  pump  laser  beam  working  at  the  wavelength  of  488  nm.  The  optical 
absorption  inside  the  sample  gives  rise  to  a  temperature  gradient  of  the  optically  heated 
region  and  so  causes  a  refractive  index  gradient.  The  refractive  index  gradient  is  detected 
by  a  2  mW  He-Ne  prob  laser  beam  with  a  wavelength  of  632.8  nm.  According  to  the 
theory,^  the  deflection  angle  of  the  prob  laser  beam  is  proportional  to  the  absorbed  optical 
power.  The  prob  beam  deflection  is  measured  with  a  position  sensitive  detector. 


3  RESULTS  AND  DISCUSSION 

As  shown  in  Figure  2  and  Figure  3,  an  evolution  in  the  photothermal  signal  was  observed 
in  both  bulk  and  thin  film  samples.  With  different  light  powers  of  the  pump  beam,  the 


[1405]/179 


180/[1406] 


C.  Z.i:mETAL. 


detector 

FIGURE  1  Optical  depiction  of  experimental  setup  of  collinear  photothermal  deflection  spectroscopy  (PDS). 


Time  (s) 


FIGURE  2  Transient  absorption  of  the  densified  silica  glass  under  the  illumination  with  different  light  powers. 
The  symbols  are  experimental  results;  curves  are  theoretical  fittings. 


Optical  absorption  decreases  with  time,  while  for  the  normal  Si02  glass  the  photothermal 
signal  is  a  constant  under  the  same  condition.  A  rapid  decrease  of  absorption  appears 
during  the  first  few  minutes,  then  the  change  of  absorption  becomes  nearly  constant  with 
time. 
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FIGURE  3  Optical  absorption  relaxation  of  the  EBD  Si02  thin  film.  The  curve  is  the  theoretical  fitting. 


The  localized  defects  in  the  densified  glass  and  thin  film  can  be  activated  by  the  laser 
irradiation.  The  defect  recombination  process  can  be  described  by  the  following 
differential  equation:"^ 


dx 

dt 


-kx^ 


(1) 


where  x  is  the  defect  concentration,  k  is  the  rate  constant,  and  n  is  the  order  of  reaction. 
This  equation  leads  to  the  relaxation  function  of 

$(t)  ==  (1  +  a  t)-’>  (2) 

where  a  =  (n  -  l)Xo^”“’'k,  and  b  =  l/(n  -  1).  In  the  present  investigation  the  relaxation 
function  is  equal  to  the  normalized  time-dependent  photothermal  signal. 

As  shown  in  Figure  2  and  3,  laser  irradiation  induced  structural  relaxation  in  the 
densified  Si02  glass  and  Si02  thin  film  can  be  well  described  with  the  proposed  relaxation 
function.  For  the  densified  glass,  the  evaluated  values  of  a  and  b  are  0.116  and  0.516, 
respectively.  For  the  thin  film  the  evaluated  a  and  b  are  0.038  and  0,101,  respectively. 
Due  to  the  disordered  structure  of  the  glass  and  thin  film,  distribution  of  relaxation 
times,  g(r),  is  characterized.  It  is  correlated  with  the  relaxation  function  $(t),  according  to 

fOO  I 

^(t)  =  ff(r)  exp( —  )  dr 
Jo  ^ 


(3) 
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FIGURE  4  Distribution  of  relaxation  times  for  the  densified  silica  glass  and  the  EBD  Si02  thin  film. 


For  the  proposed  relaxation  function,  an  analytical  solution  of  Eq(3)  is  given  by 

where  F  denotes  the  Gamma  function.  As  shown  in  Figure  4,  the  distribution  of  relaxation 
times  for  the  EBD  Si02  film  is  broader  than  that  for  the  densified  Si02  glass. 


4  CONCLUSIONS 

Laser  irradiation  induced  structural  relaxation  in  the  densified  Si02  glass  and  Si02  thin 
film  was  observed  by  the  photothermal  deflection  spectroscopy.  It  can  be  described  with 
the  proposed  relaxation  function  and  distribution  of  relaxation  times. 


REFERENCES 

1.  W.  Hummel  and  J.  Arndt,  J.  Non-Cryst.  Solids  109,  40  (1989). 

2.  C.  Z.  Tan  and  J.  Arndt,  7.  Non-Cryst.  Solids  169,  143  (1994). 

3.  Z.  L.  Wu,  C.  Z.  Tan,  J.  Arndt,  and  Z.  X.  Fan,  Laser-Induced  Damage  in  Optical  Materials:  SPIE  1848,  224 
(1992). 

4.  C.  Z.  Tan,  Dissertation,  Freie  Universitat  Berlin  (1993). 

5.  M.  Commandre  and  E.  Pelletier,  AppL  Opt.  29,  4276  (1990). 


Radiation  Effects  and  Defects  in  Solids,  1995,  Vol.  137,  pp.  183-186 
Reprints  available  directly  from  the  publisher 
Photocopying  permitted  by  license  only 


©  1995  OPA  (Overseas  Publishers  Association) 
Amsterdam  B.V.  Published  under  license  by 
Gordon  and  Breach  Science  Publishers  SA 
Printed  in  Malaysia 


OPTICAL  BAND-GAP  AND  ACTIVATION  ENERGY  OF 
THIN  FILMS  FROM  THE  Se-Ag-I  AND  Te-Ag-I 
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Thin  films  from  the  systems  Se-Ag-I  and  Te-Ag-I  are  investigated.  The  optical  transmission  spectra  are  measured 
and  the  optical  band  gap  is  estimated  on  their  basis.  The  temperature  relationship  of  the  electrical  conductivity  is 
measured  and  the  activation  energy  is  determined.  Some  relationships  between  these  parameters  and  the 
composition  of  the  glasses  are  discussed. 

Key  words:  optical  band-gap,  activation  energy,  chalcogenide  glasses,  chalco-halide  glasses. 


1  INTRODUCTION 

Compared  to  chalcogenides  and  halides,  glassy  chalco-halide  materials  are  a  relatively  less 
known  family  of  glasses  [1,2].  The  investigation  of  their  optical  and  electrical  properties  is 
interesting  in  view  of  their  practical  application,  due  to  the  essential  role  of  the  ionic 
component  of  the  chemical  bond  in  them.  This  is  supposed  to  affect  the  band  gap  structure 
and  the  electrical  properties  of  these  glasses.  We  were  the  first  to  synthesize  these 
chalcogenide-halide  glasses  from  the  systems  Se-Ag-I  [3]  and  Te-Ag-I  [4].  The  present 
investigation  is  a  part  of  their  general  characterization. 


2  EXPERIMENTAL 

Glassy  samples  from  the  systems  Se-Ag-I  and  Te-Ag-I  are  synthesized  as  described  in  [3] 
and  [4].  Thin  films  600-1000  nm  thick  are  prepared  by  vacuum  evaporation.  The 
composition  of  the  films  is  investigated  by  Auger  electron  spectroscopy.  A  good 
agreement  between  the  film  composition  and  the  starting  composition  was  found  [5]. 
Electron  microscope  and  X-ray  investigations  confirm  that  the  films  are  amorphous. 

The  optical  band-gap  is  determined  from  transmission  spectra  of  thin  films  of  different 
thicknesses  with  a  spectrophotometer  for  visible  and  IR  region. 

The  films  for  the  electrical  measurements  are  prepared  as  sandwich  structures  with  two 
Al-electrodes.  The  electrical  conductivity  is  measured  in  the  range  292-323  K. 


3  RESULTS  AND  DISCUSSION 

The  investigations  of  the  spectra  of  the  glasses  from  the  two  systems  are  carried  out  in  the 
range  400-2000  nm.  The  spectral  dependence  of  the  absorption  coefficient  (a)  is  described 
by  the  formula: 

T=  (1 -R2).exp(-a.d)  (1) 

where  T — transmission,  R — ^reflection,  d — film  thickness. 
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FIGURE  1  Relationships  ~  of  l"Se9oAg5l5,  2-SegoAgioIiOj  3-Se7oAgi5li5,  4-Te55Agi5l3o, 

5-Te5oAg2ol30»  6-Te6oAg2ol20>  7-Te7oAgiol2o- 


The  relationship  between  the  absorption  coefficient  (a)  and  the  optical  band-gap  (Eg^) 
is: 

a  =  B/hz/(hi/  -  Eg°)”  (2) 

where  n  =  2  for  chalco-halide  systems,  b — ^parameter  of  the  investigated  substance,  h — 
Plank’s  constant,  z/ — frequency. 


Table  I 

Band  gap,  activation  energy  and  conductivity  at  room  temperature  of  the  glasses  from 
the  systems  Se-Ag-I  and  Te-Ag-I 


Composition 

E/(eV) 

Ea(eV) 

<7(S.m  *) 

Se9oAg5l5 

1.90 

0.89 

4.5.10-^^ 

SegoAgioIio 

1.82 

0.81 

'  9.5.10~ii 

Se7oAgi5li5 

1.62 

0.73 

3.10-1° 

Te7oAgiol2o 

0.42 

0.18 

6.10-° 

Te6oAg2ol20 

0.5 

0.37 

4.5.10-® 

TessAgisIso 

0.75 

0.4 

9.10-s 

Te5oAg2ol30 

0.82 

0.3 

9.10-° 
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FIGURE  2  Relationship  o  —  f(l/T)  of  l-SegoAgsIs,  2-Se8oAgioIio.  3-Se7oAgi5lis,  4-Te55Agi5l3o, 
5-Te5oAg2ol30»  6-Te6oAg2ol20>  7-Te7oAgiol20- 


Figure  1  illustrates  the  relationship  (ahi/)^^^  =  for  some  compositions  from  the 
system  Se-Ag-I  and  Te-Ag-I.  The  extrapolation  of  straight  parts  of  these  relationships 
down  to  a  =  0  using  Tauc’s  procedure  [6]  determines  the  optical  band-gap  of  the 
investigated  samples.  The  results  for  the  system  Se-Ag-I  show  that  the  presence  of  greater 
quantities  of  silver  and  iodine  reduces  the  band-gap  (Table  I)  from  1.9  eV  to  1.62  eV.  The 
optical  band-gap  in  the  glasses  from  the  Te-Ag-I  system  is  0.4-0.9  eV  (Table  I)  and 
depends  on  composition. 

The  activation  energy  (Ea)  is  determined  by  the  relationship 

a  =  Cexp(-Ea/kT)  (3) 

where  u — specific  electrical  conductivity,  C — constant,  T — temperamre,  Ea— activation 
energy,  k — ^Boltzmann  constant 

Figure  2  shows  the  graphical  relationships  cr  =  f(l/T)  for  films  with  different 
compositions  from  the  two  systems.  The  smooth  course  of  this  relationship  is  a  sign  that  no 
structural  changes  take  place,  affecting  the  temperature  course  of  the  specific  conductivity. 
From  the  slopes  of  the  relationships  the  activation  energies  are  determined  (Table  I).  The 
conductivity  at  room  temperature  is  also  shown  on  the  table. 

The  optical  band-gap  depends  to  a  large  extent  on  the  composition  of  the  glasses.  The 
introduction  of  silver  and  iodine  in  the  selenium  matrix  increases  the  compositional 
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disorder  resulting  in  a  reduction  of  the  optical  band-gap  [7].  The  influence  of  the  increase 
in  the  amount  of  bonds  with  higher  ionic  component  is  in  the  same  direction.  This  is 
probably  the  reason  for  the  decrease  in  the  optical  band-gap  from  1.90  to  1.62  eV  when  the 
content  of  Agl  in  the  investigated  glasses  is  increased.  The  influence  of  Agl  on  the 
conductivity  and  activation  energy  is  clearly  marked  in  the  electrical  measurements.  At  the 
lower  concentration  2Ea  is  less  than  and  at  an  concentration  of  15  at%  Agl  their  values 
are  almost  equal.  If  we  assume  uniform  distribution  of  the  localized  states,  this  results  give 
grounds  to  think  that  at  low  concentrations  of  Agl  Fermi  level  is  closer  to  the  valence  band 
and  with  the  increase  in  the  Agl  concentration  it  shifts  to  the  middle  of  the  band  gap. 
Besides,  the  dependence  of  the  conductivity  on  the  composition  shows  that  it  is  a  function 
of  the  charges,  activated  from  the  existing  localized  states  in  the  band  gap  and  not  on  their 
mobility. 

In  the  Te-Ag-I  system  the  introduction  of  large  quantities  of  iodine  leads  to 
considerable  reconstruction  of  the  glass  structure  and  leads  to  the  formation  of  Te-I 
bonds  [4].  With  the  exception  of  the  Te6oAg2ol20  and  Te7oAgi5li5  compositions,  it  can  be 
assumed  that  in  the  investigated  samples  the  influence  of  the  tellurium  matrix  on  the 
electrical  properties  is  commensurate  with  that  of  the  other  two  elements,  introduced  in  it. 

The  changes  in  the  optical  band  gap  in  this  sytem  is  governed  by  the  presence  of  Agl, 
whose  influence  is  analogous  as  in  the  previous  system,  and  by  the  presence  of  iodine, 
bonded  directly  to  the  tellurium  atoms,  thus  reducing  the  density  of  the  valence  alternation 
pairs  and  ionizing  the  chalcogenide. 

This  work  was  sponsored  by  Ministry  of  Education  and  Science,  contract  X-221. 


REFERENCES 

1.  J.  Lucas  and  J.  L.  Adam,  Glasstechn.  Bericht,  62(12)  422,  (1989). 

2.  J.  Heo  and  D.  Mackenzie,  J.  Non-Cryst.  Sol.  Ill,  29,  (1989). 

3.  M.  Mitkova,  T.  Petkova  and  A.  Yanakiev,  Mat.  Chem.  Phys.,  30,  55,  (1990). 

4.  T.  Petkova  and  M.  Mitkova,  Mat.  Chem.  Phys.,  33,  233,  (1993). 

5.  T.  Petkova  and  M.  Mitkova,  Thin  Solid  Films,  205,  25,  (1980). 

6.  L.  Tauc,  Proc.  Intern.  Conf.  Delft.  606,  (1974). 

7.  M.  Kastner— Rev.  Lett.  28,  355,  (1972). 


Radiation  Effects  and  Defects  in  Solids,  1995,  Vol.  137,  pp.  187-190 
Reprints  available  directly  from  the  publisher 
Photocopying  permitted  by  license  only 


©  1995  OPA  (Overseas  Publishers  Association) 
Amsterdam  B.V.  Published  under  license  by 
Gordon  and  Breach  Science  Publishers  SA 
^nted  in  Malaysia 


EFFECT  OF  IONIC  EXCHANGE  UPON  THE 
BEHAVIOR  OF  SODA  LIME  SILICATE  GLASS 
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Thermally  stimulated  depolarization  currents  and  some  spectrophotometric  characteristics  were  measured  for  soda 
lime  silicate  glass  in  as  received  state  and  after  exchange  with  ionic  silver.  Both,  the  effectiveness  of  the  exchange 
and  the  form  of  silver  within  the  glass  framework,  were  modified  by  thermal  treatment  of  the  exchanged 
specimens. 

It  has  been  shown  that  some  of  the  bands  recorded  by  TSDC  technique  are  related  with  electrical  polarization 
phenomena.  The  origin  of  these  polarizations  has  been  ascribed  to  more  or  less  localized  motion  of  sodium  ions 
which  in  the  near-surface  layers  of  specimens  became  disturbed  by  various  silver  species. 

Key  words:  silicate  glasses,  ionic  exchange,  depolarization  currents. 


1  INTRODUCTION 

It  was  shown  previously*  that  the  ionic  exchange  of  soda  lime  silicate  glass  by  and  Ag'^ 
ions,  followed  by  annealing  at  temperatures  T  >  673  K,  affects  the  mechanical  properties 
of  these  systems  in  a  different  way.  It  seemed  reasonable  to  assume  that  in  addition  to  the 
ionic  radius  other  factors  influence  the  magnitude  of  residual  stresses  in  the  exchanged 
specimens.  Especially  important  seems  large  polarizability  and  diffusivity  of  silver  ions 
which  could  result  in  heterogeneous  distribution  of  the  exchanging  species  and  smaller 
distortions  of  the  exchanged  matrix.  , 

In  order  to  check  this  hypothesis,  electric  relaxation  processes  of  these  systems  were 
studied  (by  exploiting  the  method  of  ionic  thermocurrent,  ITC),  ^d  correlated  with  some 
spectrophotometric  measurements. 


2  EXPERIMENTAL  DETAILS 


2.1  Samples 

According  to  the  producer  (Glass-Factory,  Torgau,  Germany),  the  main  components  of  the 
glass-specimens  (2  mm-thick  plates)  were:  75.25%  Si02,  14.25%  NaaO,  6.4%  CaO,  and 
4.5%  MgO. 

The  ionic-exchange  of  samples  was  performed  for  2  h  at  673  K  in  a  mixture  of  molten 
salts  (2%  of  AgNOs  in  98%  of  NaNOs).  Some  of  the  exchanged  samples  were  annealed 
for  2  h  at  823  and  873  K  in  air,  and  some — for  2  h  at  673  K  in  NaNOs. 
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FIGURE  1  Calculated^  (o)  and  experimental  pairs  of  ^-Amax  values  determined  for  different  penetration  depths 
of  silver-exchanged  samples  annealed  at  823  (□)  and  873  K  2R  (nm)  gives  the  diameter  of  particles. 


2,2  Measurements 

Optical  density  (OD)  measurements  were  performed  by  using  a  Zeiss-spectrophotometer 
and  an  electron-probe  microanalyzer  (EMX-SM.32);  in  the  latter  case  OD  was  measured 
versus  the  penetration  depth  X. 

Measurements  of  thermally  stimulated  depolarization  currents  (TSDC)  were  principally 
the  same  as  in  the  case  of  ITC  used  for  ionic  crystals.  Testing  temperature  was  ranging 
between  140  and  620  or  420  K  for  measurements  performed  at  a  constant  heating  rate 
b  =  0.1K-s"^  The  polarization  conditions  were  as  follows:  Vp  =  20— 500  V 
Tp  =  (250),  323,  423  and  573  K,  tp  =  1—20  min.  Some  measurements  were  also 
performed  during  the  polarization  phase  (TSPC-1  =>  TSPC-2  TSDC-3)  with  and 
without  blocking  electrodes  (2  thin  sheets  of  Teflon). 


3  RESULTS  AND  DISCUSSION 
3.1  Optical  Data 

About  75%  of  Na^  ions  in  the  near-surface  layers  was  replaced  by  Ag"^  ions,  part  of  which 
became  reduced  to  atomic  silver  Ag®  by  the  Fe^"^  ions  present  as  contamination  of  the 
matrix.  Thermal  treatment  of  the  exchanged  samples  results  in  formation  of  colloidal  silver 
particles.  Their  diameter  2R  was  estimated  by  comparing  experimental  values  of  half¬ 
width  8  and  position  of  the  band  maximum  Amax  for  different  penetration  depths  with  an 
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FIGURE  2  ITC-spectra  detected  for  as  received  (A),  chemically  treated  (B,  C)  and  annealed  (D)  samples; 

B,  C  denote  the  effects  of  Na'*'  and  Ag'*',  respectively  D — the  effect  of  thermal  treatment  at  873  K  for  the  C- 
sample. 


empirical  curve  derived  by  Kreibig  et  al?  for  monodispersed  and  size  distributed  systems, 
cf.  Figure  1.  It  was  stated  that  the  penetration  depth  and  the  diameter  of  colloidal  silver 
particles  was  larger  for  samples  annealed  at  873  K  (8  nm,  460  (jl)  than  at  823  K 
(2  nm,  250  /x). 


3.2  Depolarization  currents 

Two  main  bands  were  detected  at  temperatures  below  those  characteristic  of  the  quartz 
samples,  being  indicative  of  motions  of  the  Na"^  ions,  see  Figure  2.  The  shape  factor  is  not 
characteristic  of  a  first-order  process,  and  the  activation  energy  was  equal  to  0.6-0. 8  eV. 
TSPC-measurements  performed  with  teflon-sheets,  linearity  of  band-magnitude  with  Vp, 
and  independency  on  properly  chosen  Tp  are  indicative  of  dipolar  character  of  the  related 
polarizations  rather  than  of  space-charge  or  near-electrode  phenomena. 

The  effect  of  annealing  in  NaNOs  (increase  of  the  magnitude  of  the  high-T-band) 
confirms  the  correlation  of  these  bands  with  the  presence  of  Na^  ions.  The  main  effect  of 
annealing  of  the  exchanged  samples  was  to  reduce  the  magnitude  of  both  bands,  to  ‘split’ 
the  high-T-band,  and  to  shift  its  Tm  toward  lower  temperatures.  These  effects  were  larger 
for  higher  annealing  temperatures,  correlating  with  the  optical  data.  Thus,  the  effect  of 
thermal  treatment,  indirect  in  character,  is  to  affect  the  formation  of  various  silver  species 
at  different  penetration  depths.  These  species  could  be  considered  as  effective  barriers  of 
the  Na'^-motion. 
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According  to  the  suggestions  by  R.  J.  Charles,^  the  main  features  of  the  low-T-band 
could  be  considered  as  related  with  dipolar  processes,  where  reorientation  of  permanent 
dipoles  is  active.  The  role  of  dipoles  could  be  played  by  Na“'’-ions  bonded  with  the  non¬ 
bridging  oxygen  ions.  The  motion  of  Na'^'-ions  can  also  lead  to  some  interfacial 
polarizations  of  the  Maxwell- Wagner  type,  where  either  stress-profiles  or  colloidal 
particles  of  silver  play  the  role  of  heterogeneities  in  thermally  and/or  chemically  treated 
soda-lime  silicate  glasses.  Work  is  in  progress  to  obtain  more  complete  explanation  of 
these  characteristics  also  for  samples  exchanged  with  potassium  ions. 
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POLARIZATION  AND  DEPOLARIZATION  IN  SILICA 
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A  thermally  stimulated  depolarization  current  was  measured  in  pure  silica  glasses  and  crystalline  quartz,  after  a 
linear  temperature  increase  under  applied  electric  field,  up  to  520  K.  The  depolarization  pe^  at  480  K  disappeared 
after  UV  illumination  at  room  temperature.  A  negative  depolarization  current  was  observed  in  silica  glasses  after 
polarization  by  an  electric  field  under  UV  illumination  at  room  temperature.  There  exist  two  different  types  of 
dipoles  which  are  electron-hole  pairs,  in  which  electron  and  hole  are  trapped  on  two  different  defects  respectively. 


1  INTRODUCTION 

Intrinsic  defects  exist  in  silica.  Due  to  the  disordered  stucture,  their  concentration  is  higher 
in  the  glass  than  in  crystalline  quartz.  They  can  be  observed  by  light  absorption^ electron 
paramagnetic  resonance  if  they  are  paramagnetic^  or  by  other  techniques.  In  general,  their 
concentration  increases  by  X-ray,  7-ray,  neutron  or  electron  radiations. 

Several  defects  are  electrically  charged  and  associated  in  pairs  or  electric  dipoles."^’^  In 
consequence,  an  electric  polarization  can  be  created  in  silica  under  electric  field  when  a 
migration  of  electrons  or  holes  occurs.  Such  a  migration  can  be  induced  by  heating  or 
excitation  of  electrons  or  holes  respectively  in  the  conduction  band  or  in  the  valence  band 
by  a  light  beam.  The  measurement  of  depolarization  current  after  polarization  is  a  very 
sensitive  method  to  observe  the  charged  defects.  In  this  paper  we  present  the  results  of 
depolarization  current  measurements  in  silica-glass.  The  polarization  and  depolarization 
currents  in  silica-glass  are  compared  to  the  ones  in  crystalline  quartz. 


2  EXPERIMENT 

2.1  Experimental  Technique 

The  silica  samples,  in  the  form  of  small  plates  (thickness  0.5  to  1  mm)  were  mounted 
between  two  electrodes,  a  copper  block  and  a  transparent  metallized  quartz  plate,  and  kept 
under  vacuum  (10“^  Torr).  Currents  were  measured  with  a  Cary  401  electrometer.  Applied 
electric  fields  were  about  100  kV  m"^  Samples  were  illuminated  by  a  deuterium  lamp 
through  the  transparent  electrode.  Samples  were  heated  to  a  maximal  temperature  of 
520  K,  at  a  constant  rate  of  0.2  Ks“^  controlled  by  a  programmable  digital  temperature 
regulator.  Different  silica  glass  samples  were  tested,  in  particular  suprasil  1  and  2  from 
Heraus,  and  also  silica  obtained  by  sol-gel  method.  Furthermore,  the  measurements  were 
carried  out  on  synthetic  pure  crystalline  quartz, 

2.2  Experimental  Results 

Figure  1  shows  the  thermostimulated  current  from  room  temperature  to  520  K  in  glassy 
and  crystalline  silica,  when  a  voltage  of  100  V  is  applied  to  the  sample.  In  the  glass,  a  rapid 


[1417]/191 


Currenh/IO 


Depolarizahion  Currenh/10 


POLARIZATION  AND  DEPOLARIZATION  IN  SILICA 


[1419]/193 


FIGURE  2  Themiostimulated  depolarization  current  after  polarization  by  an  electric  field  up  to  T  =  520  K. 
X  glass  sample,  •  crystalline  quartz.  The  heating  rate  temperature  is:  0.2  K/s. 
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FIGURE  4  Schematic  presentation  of  an  orientation  of  the  low-temperature  dipoles  ),  by  the  local 

electric  field  E  induced  by  the  high-temperature  dipoles. 


and  monotonic  rise  appeared  from  a  temperature  of  400  K,  while  weaker  thermally 
stimulated  current  with  a  shoulder  at  480  K  was  observed  in  crystalline  quartz. 

After  the  temperature  rise,  the  samples  was  cooled  down  to  the  room  temperature, 
keeping  applied  the  voltage.  Before  a  new  temperature  rise,  the  battery  voltage  was 
removed  and  the  electrometer  directly  connected  to  the  electrodes  to  measure  the  current  of 
depolarization.  The  thermostimulated  depolarization  currents  are  represented  in  Figure  2. 
A  peak  appears  at  about  480  K  in  glassy  and  crystalline  quartz.  The  foot  of  another  peak  at 
higher  temperature  could  be  also  observed. 
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After  these  measurements,  the  sample  was  again  polarized  up  to  520  K  and  cooled 
under  applied  voltage  down  to  the  room  temperature.  The  electrodes  were  short-circuited 
and  the  glass  sample  was  UV  illuminated  with  a  deuterium  lamp  still  at  room  temperature. 
The  depolarization  peak  was  again  observed  at  480  K  but  was  greatly  reduced  and 
practicsQly  unvisible  after  this  UV  illumination. 

In  a  third  experiment,  the  silica  samples  were  illuminated  at  room  temperature,  with  a 
deuterium  lamp  (the  incident  power  on  the  sample  was  about  1  mW)  during  one  hour,  the 
battery  voltage  (100  V)  being  applied.  A  photoconductivity  of  about  10“^^  (Hm)"^  was 
observed.  The  battery  was  removed  and  the  electrometer  was  directly  connected  to  the 
electrodes.  During  the  temperature  rise,  a  current  was  observed.  A  beautiful  peak  appeared 
at  the  same  temperature  as  the  one  of  the  preceding  depolarization  peak,  but  with  the  same 
sign  as  the  photocurrent  (Figure  3).  That  is  a  priori  surprising.  This  peak  appeared  also  in 
crystalline  silica  with  an  intensity  divided  by  about  ten.  Same  results  were  obtained  with 
other  silica  glasses  and  in  particular  glasses  obtained  by  sol-gel  method. 

The  process  responsible  for  the  depolarization  peak  was  of  the  first  order.  The 
activation  energy  was  roughly  equal  to  1  eV.  It  decreased  slightly  with  the  annealing  of  the 
glass  between  1000°C  and  1400° C,  around  the  glass-transition  temperature. 


3  INTERPRETATION  AND  DISCUSSION 

3.1  The  Origin  of  the  Depolarization  Current  at  480  K 

The  depolarization  peak  at  480  K  has  an  electron  origin.  It  is  not  related  to  a  relaxation  of 
the  lattice:  no  such  relaxation  was  observed  at  a  so  low  temperature,  for  instance  by 
mechanical  spectroscopy.^  It  is  confirmed  by  the  UV  illumination  after  polarization.  By 
UV  illumination  with  a  deuterium  lamp,  electrons  are  excited  in  the  conduction  band.  It 
was  verified  that  the  photoconductivity  was  observed  for  a  wavelength  of  the  excitation 
light  less  than  214  nm.  That  corresponds  to  the  absorption  of  the  E'  center^^  (electron 
trapped  in  the  non-bonding  orbital  of  a  three-coordinated  silicon  atom),  and  consequently 
to  an  electron  excitation  up  to  the  conduction  band.  If  the  polarization  is  produced  by 
electron  or  hole  migration,  ^en  it  should  be  possible  to  destroy  the  polarization  by  electron 
excitation  in  the  conduction  band  when  electric  field  is  not  applied. 

What  is  the  origin  of  the  electric  dipoles?  Most  of  the  defects  in  silica  are  related  to 
dangling  bonds  of  oxygen  and  silicon,  or  to  anomalous  coordination.  Using  a  notation 
close  to  that  of  Kastner,^  we  consider  the  following  centers:  8°-^,  Oj“,  where 

the  subscript  denotes  the  covalent  coordination  of  silicon  or  oxygen  and  the  superscript 
means  the  charge  state.  The  center  is  not  considered  because  probably,  its  ground  state 
is  situated  in  the  conduction  band  of  silica.  Two  different  dipolar  pairs  can  be  considered: 
and 

We  are  interested  by  the  dipoles  thermally  oriented  or  disoriented  at  480  K.  In  Figure  1, 
the  polarization  is  visible  for  the  crystalline  silica.  It  is  masked  in  glass-silica  by  the 
conduction  coming  from  the  thermal  excitation  of  electrons  or  holes  from  shallow  levels 
corresponding  to  different  defects.  Electron  spin  resonance  (ESR)  results  inform  us  on  the 
polarization  process.  It  was  shown  that  the  E'  center  observed  in  ESR  corresponds  to 
The  ESR  signal  of  E'  anneals  away  at  a  temperature  close  to  473  Such  a  temperature 
can  be  compared  to  the  temperature  of  depolarization  current  peak  (Figure  2). 

Considering  now  the  extinction  of  the  depolarization  peak  at  480  K  by  UV  illumination, 
we  observed  that  the  photoconductivity  appeared  for  a  light  wavelength  shorter  than 
214  nm,  that  corresponds  to  the  absorption  of  the  center  (5,  8  eV).^’^ 
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From  these  informations,  we  deduce  that  the  electric  polarization  or  depolarization 
peaks  at  480  K  are  related  to  the  S%  and  centers.  The  phenomena  observed  around 
480  K  can  be  explained  by  a  migration  of  these  centers  or  an  electron  transfer  from  one 
center  to  another,  with  an  activation  energy  close  to  1  eV.  This  energy  is  too  low  for  an 
atomic  or  vacancy  displacement.  On  the  other  hand,  it  seems  difficult  to  explain  all 
physical  phenomena,  which  occur  around  T  =  480  K,  by  a  simple  electron  transfer. 
Another  mechanism,  that  can  be  considered  is  the  migration  of  5^  or  3°^  by  exchange  of 
the  dangling  bond  between  two  neighbors  Si  without  atomic  movement.  By  pairing  with  a 
negative  center  as  Oj",  will  form  an  electric  dipole  which  will  orient  under  electric  field, 
or  disorient  without  electric  field. 

This  mechanism  can  explain  the  other  physical  phenomena:  decrease  of  the  ESR 
signal, thermoluminescence,^  observed  in  silica  samples  coloured  by  an  energetic 
radiation,  X  or  7  rays,  neutrons. . .  From  the  migration  of  S°^  can  result  a  recombination 
with  a  trapped  hole,  a  decrease  of  the  ESR  signal  of  and  a  thermoluminescence  in  the 
case  of  radiative  recombination. 

Our  interpretation  is  in  agreement  with  recent  results  on  the  pressure  effect  on  the 
thermoluminescence  of  quartz.^®.  It  was  found  that  the  activation  energy  for  the 
thermoluminescence  at  473  K  decreases  with  the  hydrostatic  pressure.  An  hydrostatic 
pressure  which  shortens  the  distance  between  atoms  would  increase  the  activation  energy 
for  an  atomic  movement  but  certainly  decreases  that  for  a  Si"  dangling  bond  migration. 

The  extinction  of  the  depolarization  peak  by  UV  illumination  at  room  temperature 
without  applied  electric  field  is  easily  explained  by  the  excitation  of  the  electron  of  S°3  in 
the  conduction  band.  The  excited  electron  is  then  trapped  by  another  Si^"^  center. 
Consequently,  a  redistribution  of  the  or  S°3  centers  occurs,  and  then  a  depolarization. 

3.2  Polarization  by  ultraviolet  illumination 

Under  applied  electric  field  a  photoconductivity  of  about  10"“  (fim  )"^  was  observed 
when  the  wavelength  of  the  excitation  light  is  lower  than  214  nm,  that  corresponds  to  the 
absorption  of  the  E'  center^^  and  consequently,  to  an  electron  excitation  up  to  the 
conduction  band.  This  electron  transfer  brings  again  a  dipoles  redistribution  and  a 
polarization  of  the  sample.  After  removing  the  applied  electric  field,  a  depolarization 
current  (opposite  to  the  photocurrent)  would  be  observed  during  a  temperature  rise.  On  the 
contrary,  we  observed  a  polarization  current  peak  (same  sign  as  the  photocurrent). 

Such  negative  depolarization  peak  should  be  explained  by  a  heterogeneous  structure  of 
the  glass.  However  this  peak  was  also  observed  in  crystalline  silica,  but  much  weaker.  It 
means  that  it  is  not  specific  to  the  glass.  As  it  appears  in  Figure  2,  a  depolarization  peak  at 
higher  temperature  than  500  K  exists.  Therefore  two  different  types  of  dipoles  exist  in 
silica.  1)  Low-temperature  dipoles  oriented  at  480  K;  2)  High-temperature  dipoles  oriented 
at  higher  temperature.  The  dipole  — 0{~  called  valence  alternation  pair^  was 

considered  by  different  authors.^’ “  We  can  assume  that  dipoles  2)  are  these  O^-  Oj  pairs. 

When  electrons  of  5°3  centers  are  excited  in  the  conduction  band,  there  is  creation  and 
orientation  under  electric  field,  not  only  of  dipole,  but  also  of  0^-0^  pairs  by  the 

following  process: 

0+-Ol  +  e^Ot-0:[ 

The  presence  of  these  two  types  of  close  dipolar  pairs  explains  the  negative  depolarization 
peak  after  UV  illumination  under  electric  field  at  room  temperature.  When  the  sample  is 
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heated  up  to  480  K  dipoles  are  created  and  (or)  oriented  by  the  local  electric-field 

induced  by  high-temperature  Oj-Of  dipoles  which  were  oriented  by  UV  illumination. 
From  Figure  4,  it  is  clear  that  the  dipole  induced  electric  field  has  the  same  direction  as  that 
of  the  preceding  applied  electric  field,  so  that  it  will  appear  a  polarization  current  at  480  K, 
after  UV  illumination  at  room  temperature,  in  agreement  with  the  experiment.  This 
interpretation  supposes  that  the  size  of  dipoles  is  very  small  and  that  5^-0^  dipoles  are 
oriented  between  0^-0\  dipoles. 


4  CONCLUSION 

Two  processes  of  electric  polarization  or  depolarization  in  silica  have  been  observed  by 
thermal  activation,  and  light  excitation  of  electrons  in  the  conduction  band.  The  thermal 
depolarization  at  480  K  is  interpreted  as  being  due  to  the  disorientation  of  dipoles, 

where  is  a  positively  charged  silicon  and  Oj"  a  negatively  changed  oxygen,  each  one 
with  a  dangling  bond.  The  thermal  orientation  of  these  dipoles  can  occur  by  a  migration  of 
the  dangling  bonds  of  silicon  without  motion  of  atoms  or  vacancies.  The  polarization  or 
depolarization  by  UV  light  comes  from  the  excitation  of  the  5°3  electrons  in  the  conduction 
band  and  consequently,  from  a  redistribution  of  the  5°^  and  centers.  As  expected,  the 
thermostimulated  electric  current  and  the  depolarization  one  are  weaker  in  the  quartz 
crystal  than  in  the  vitreous  silica  because  there  is  a  smaller  concentration  of  dangling 
bonds  in  the  crystal  than  in  the  glass. 

It  was  shown  that  UV  light  excitation  under  electric  field  orient  other  dipoles  which  are 
assumed  to  be  0^-0 Thermal  polarization  or  depolarization  of  these  dipoles  occur  at  a 
temperature  higher  than  520  K.  After  their  orientation  by  UV  light  at  room  temperature, 
we  observed  the  thermal  orientation  of  the  S^-0^  dipoles  by  the  local  electric  field 
induced  by  the  dipoles. 

These  reversible  phenomena  of  polarization  or  depolarization  were  clearly  observed  in 
different  unirradiated  silica  samples:  pure  silica  glasses  obtained  by  fusion  (suprasil)  or  by 
sol-gel  method,  and  crystalline  quartz.  However  for  the  crystal  the  negative  thermal 
depolarization  current  ^ter  UV  irradiation  was  much  weaker.  The  technique  of  the 
depolarization  is  very  sensitive  for  the  observation  of  dipoles  consisting  of  charged  defects 
pairs.  The  observed  effects  show  the  possibility  of  optical  or  electric  memorization  in 
silica. 
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THE  POLAR  TRANSITION  OF  Li-DOPED  AND 
Nb-DOPED  KTaOa:  COMPARATIVE  ANALYSIS  FROM 
HARD-PHONON  RAMAN  SPECTRA 

P.  CALVI,  P.  CAMAGNI,  E.  GIULOTTO,  L.  ROLLANDI 

Dipartimento  di  Fisica  ‘A.  Volta  \  Via  Bassi  6,  27100  Pavia  (Italy) 

Raman  investigations  have  been  performed  on  Ko.984Lio.oi6Ta03  and  KTao.976Nbo,o2403  single  crystals,  in  order 
to  follow  the  peculiarities  of  non-ferroelectric  phonons,  which  may  be  indicative  of  a  different  evolution  of 
microscopic  order  during  the  polar  transition.  Specific  features  in  the  Nb  case  confirm  a  ferroelectric  behaviour, 
whereas  in  the  Li-doped  sample  the  results  are  in  agreement  with  a  dipole  glass  transition. 


1  INTRODUCTION 

KTaOa  is  an  oxidic  perovskite  exhibiting  an  incipient  ferroelectric  behaviour.  The  system 
remains  centrosymmetric  at  all  temperatures,  but  shows  a  divergent  dielectric  suscept¬ 
ibility  related  to  softening  of  a  transverse  optic  mode  as  T  — >  0  K.  The  soft  mode,  TOi, 
involves  atomic  displacements  along  Ta-0  chains. 

The  presence  of  substitutional  impurities  such  as  Nb  or  Li  may  induce  a  transition  to  a 
polar  phase  at  finite  temperature,  whose  nature  depends  on  the  type  and  concentration  of 
the  specific  impurity.^  Nb  substitutes  for  Ta  in  the  ferroelectric  chains  and  affects  directly 
soft  mode  dynamics,  driving  a  displacive  polar  transition  at  low  temperature.  An  order- 
disorder  contribution  to  the  transition  can  arise  from  local  Nb  dynamics,^  due  to  hopping 
between  eight  equivalent  off-centre  minima  along  (111)  directions.  Li  substitutes  for  K 
and  can  jump  between  six  equivalent  off-centre  minima  along  pseudo-cubic  directions; 
dipolar  and  elastic  interactions  between  Li  ions  control  the  rise  of  a  low  temperature  polar 
phase,  provided  dopant  concentration  is  >  1%  mol.^  There  is  no  general  agreement  as  to 
whether  the  polar  transition  at  low  Li  or  Nb  concentration  is  towards  an  ordered 
(ferroelectric)  or  disordered  (dipole  glass)  phase. 

In  order  to  characterize  the  phase  transition  in  lightly  doped  KTaOs  we  made  a 
comparative  study  of  the  Raman  response  of  the  transverse  optic  phonons  in  KTaOsiNb 
2.4%  and  KTa03:Li  1.6%,  These  crystals  are  denoted  by  KTN  and  KLT,  respectively.  The 
two  systems  were  investigated  in  a  temperature  range  covering  the  respective  transition 
temperature  Tt,  independently  defined  by  the  onset  of  linear  birefringence  and  second 
harmonic  generation  (32  K  in  KTN  and  36.5  K  in  KLT)."^’^ 


2  RESULTS  AND  DISCUSSION 

Raman  measurements  were  performed  in  x(zz)y  and  x(yz)y  polarization  geometries  in 
zero-field  cooling  (ZFC)  and  in  the  presence  of  a  poling  field  of  2  kV/cm  applied  along  the 
z-direction  during  cooling  (FC).  Cooling  between  successive  measurements  was  effected 
at  a  rate  of  1  K/min.  The  electroded  faces  were  (001)  and  (111)  in  KLT  and  KTN  samples 
respectively.  First-order  spectra  from  hard  transverse  optic  modes  were  observed  and 
an^yzed  over  the  range  from  100  K  to  15  K  (see  for  example  Figure  1,  2).  Figure  3 
summarizes  the  results  concerning  integrated  intensities  vs.  temperature  for  these  lines  in 
both  samples. 
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FIGURE  1  ZFC  Raman  spectra  from  TO2,  TO3,  TO4  hard  phonons,  above  and  below  the  transition  temperature 
(Tt  =  32  K)  in  KTao.976Nbo.02403.  Full  lines  denote  Lorentzian  fits  to  the  experimental  data. 


We  start  with  the  analysis  of  the  TO4  phonon  line  at  545  cm“^  which  is  the  most 
intense  hard-phonon  Raman  component  and  shows  up  with  a  FWHM  substantially  larger 
than  instrumental  resolution  (set  at  1  cm“^  and  2  cm“^  for  KTN  and  KLT,  respectively). 
Its  shape  is  symmetric  in  both  systems  over  the  entire  temperature  range  and  can  be  fitted 
by  a  Lorentzian,  provided  the  background  from  the  adjacent  TO4  +  TA  band  is  subtracted. 
Figure  Ic  and  2c  illustrate  the  results  to  be  obtained  by  fitting  the  ZFC  spectra  with  the 
sum  of  two  Lorentzians,  Temperature  dependence  of  the  intensity  of  this  line  in  KTN 
under  zero-field  cooling  is  shown  in  Figure  3a.  We  remark:  i)  the  onset  of  TO4  is  a  few 
degrees  above  Tt  ii)  a  small  and  reproducible  maximum  occurs  at  about  2  K  above  the 
transition:  this  precursor  effect  was  already  observed  in  other  perovskites  with  structural 
phase  transitions,  for  example  KMnFs^;  iii)  the  line  strength  grows  critically  below  Tt.  The 
same  features  are  observed  in  field  cooling  conditions.  An  alternative  behaviour  of  KLT  is 
shown  in  Figure  3d.  Here  the  line  is  detectable  at  temperatures  substantially  higher  than  Tt 
and  its  strength  grows  very  little  in  ZFC,  whereas  it  is  strongly  enhanced  around  Tt  in  the 
presence  of  a  field.  The  same  features  are  observed  in  x(yz)y  geometry. 

The  TO2  line  at  198  cm"^  shows  a  peculiar  asymmetric  shape  in  both  systems 
(Figure  la,  2a)  in  all  experimental  conditions.  Evaluation  of  line  strength  was  obtained  by 
direct  integration  after  subtracting  a  constant  background:  the  results  of  this  analysis  are 
quite  similar  to  the  TO4  case  for  what  concerns  the  evolution  in  different  conditions,  in  the 
two  compounds  (Figure  3a,  3b). 

TO3  is  the  only  non-polar  TO  phonon;  its  line  at  276  cm“^  is  symmetrical  and  can  also 
be  fitted  by  Lorentzian  (Figure  lb,  2b).  The  evolution  of  this  line  is  different  from  that  of 
TO2  and  TO4:  it  is  undetectable  above  36  K  in  KTN  (Figure  3a)  and  above  50  K  in  KLT 
(Figure  3c)  and  its  intensity  undergoes  a  rapid  increase  around  the  transition  temperature  in 
both  systems,  irrespective  of  cooling  conditions.  In  the  Li  case,  the  line  is  only  observed  in 
x(yz)y  geometry. 

The  critical  increase  of  the  line  strength  for  the  various  TO  phonons  in  KTN  is 
indicative  of  the  occurrence  of  a  ferroelectric  phase  transition  and  is  in  agreement  with 
previous  second-harmonic  generation  and  hyper-Raman  experiments.^  This  idea  is  also 
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FIGURE  2'  ZFC  Raman  spectra  from  TO2,  TO3,  TO4  hard  phonons,  above  and  below  the  transition  temperature 
(Tt  =  36.5  K)  in  Ko.984Lio.oi6Ta03.  Full  lines  denote  Lorentzian  fits  to  the  experimental  data. 


confirmed  by  previous  Raman  analysis  of  the  soft  mode,  made  by  the  authors:"^  in  the  same 
sample  critical  frequency  behaviour,  growth  and  splitting  in  two  symmetrical  lines  were 
observed  below  Tt  (Figure  4a).  These  features  were  shown  to  be  consistent  with  a  general 
model,  in  which  coupling  of  the  soft-mode  oscillators  to  relaxational  motions  rapidly 
vanishes  below  the  transition  temperature. 

On  the  contrary,  the  results  for  KLT  are  consistent  with  a  dipole-glass  transition,^  for 
which  one  reasonably  expects  absence  of  criticality  and  dependence  on  the  field.  The  same 
features  had  been  found  to  characterize  the  intensity  behaviour  of  TOi  in  previous 
studies.^  Furthermore  it  is  known  that  the  soft-mode  line  shows  a  marked  asymmetric 
broadening,  extending  from  30  to  170  cm“^  even  at  low  temperature,  in  zero  field;  this 
effect  is  strongly  reduced  in  FC  conditions.  We  ascribe  the  TOi  peculiar  lineshape  in  KLT 
to  scattering  from  phonons  of  the  whole  branch,  due  to  breaking  of  wave- vector  selection 
rules  in  the  presence  of  short-range  polar  order.^  Figure  4b  illustrates  recent  results 
obtained  from  spectra  analysis  of  the  TOi  line  at  15  K:  the  solid  curve  here  represents  the 
best  fit  from  a  model  cross  section,  taking  into  account  a  finite  polar  correlation  length.^® 
From  this  analysis  we  inferred  that  the  scale  of  polar  order  is  about  2  nm  at  low 
temperature,  in  substantial  agreement  with  second-harmonic  results.^  We  remark  that  the 
special  sensitivity  of  the  TOi  lineshape  to  the  spatial  scale  of  polar  correlation  is  strictly 
connected  with  the  strong  dispersion  of  the  soft  phonon  branch,  well  known  from  neutron 
scattering  studies. 

From  the  above  observations  we  can  draw  conclusive  remarks  about  the  hard  phonons, 
as  follows: 

i)  polar  order  on  a  nanometric  scale  is  sufficient  to  induce  first-order  Raman  activity. 
The  lack  of  observation  of  the  TO3  mode  in  a  dipole  glass  such  as  KTa03:Li  1%  by 
Toulouse  et  alP  may  be  due  to  the  experimental  geometry:  for  example  we  found  that  in 
KLT  its  intensity  vanishes,  for  x(zz)y  polarization; 

ii)  although  finite  correlation  effects  are  active  even  in  scattering  from  hard  phonons, 
we  expect  the  observation  of  line  broadening  to  be  prevented  by  the  flatness  of  the 
concerned  dispersion  curves. This  should  explain  the  substantial  invariance  of  the 
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FIGURE  3  Temperature  dependence  of  integrated  intensity  for  different  hard-phonon  lines  in  KTN  (a)  and 
KLT  (b),  (c),  (d).  Open  and  black  symbols  denote  zero-field  cooling  and  field  cooling  conditions  respectively. 
Dashed  lines  are  guides  to  the  eye. 


lineshapes  in  KTN  and  KLT,  in  spite  of  the  different  scales  of  polar  correlation  in  the  two 
systems.  In  this  view  the  asymmetric  TO2  lineshape  should  not  be  ascribed  to  such  effects, 
as  proposed  by  DiAntonio  et  al/P  from  their  analysis  one  infers  a  phase  velocity  for  the 
TO2  branch  which  is  too  large  (Vh  100  meV)  if  compared  with  neutron  scattering 
results.  An  alternative  explanation  of  the  TO2  lineshape,  based  on  Fano  coupling  to  the 
background,  had  already  been  advanced. 

In  conclusion,  the  present  analysis  points  out  the  different  nature  of  pretransitional 
effects  in  KTN  and  KLT.  In  KTN  first  order  Raman  scattering  is  activated  a  few  degrees 
above  Tt,  indicating  that  order  parameter  fluctuations  occur  on  a  spatial  and  temporal  scale 
higher  than  that  associated  with  TO  vibrations.  This  is  intrinsic  to  the  ideal  dynamics  of  a 
displacive  system  near  its  critical  point.^  The  case  of  KLT  is  quite  different;  since  the 
hopping  frequency  of  Li  ions^^  is  much  lower  than  the  TO  mode  frequencies,  quasi-static 
distorsions  of  the  host  matrix  are  induced  by  off-centre  impurities  well  above  Tt,  giving 
rise  to  a  violation  of  symmetry  selection  rules.  Therefore  first  order  scattering  from  TO 
phonon,  forbidden  in  the  cubic  of  the  pure  crystal,  is  permitted. 
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FIGURE  4  Low-frequency  Raman  spectra  obtained  at  15  K  in  ZFC  conditions  and  x(zz)y  geometry  for  KTN 
and  KLT.  Solid  lines:  (a)  fitting  to  an  uncoupled  oscillators  model  of  the  split  TOi  line  plus  the  adrfitional 
TA  structure  at  45  cm~^;  (b)  fitting  to  a  model  cross  section  taking  into  account  broadening  of  the  TOi  line 
•from  finite  correlation  effects,  with  a  Lorentzian  correction  for  the  2TA  branch  at  100  cm"^  Fitted  data  are 
denoted  by  open  symbols  in  both  cases. 
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properties  of  dislocations  in  some  ceramic  materials.  The  implication  of  the  intimate 

consennenrlc**  *e  macroscopic  properties  is  discussed.  Not  only 

"'“hanical  properties  are  taken  into  account  but  also  consequences  on  physical  properties 
iv,-  1  n  *’”*ructural  ceramics  (Zr02),  as  well  as  for  superconducting  ceramics  (YBa2Cu307_{)  In 

m  cleiufL'^  of  matenals  it  is  shown  that  dislocations  can  be  used  to  locally  change  the  theimodynamic  range  of 
nucleation  of  non  stoichiometric  phases.  Pinning  of  vortices  by  dislocations  is  also  discussed 


1  INTRODUCTION 

Macroscopic  plastic  behaviour  of  ceramic  materials  can  be  achieved  using  standart 
deformation  techniques  in  the  high  temperature  range  (T  >  0.7Tm,  Tm:  melting 
ternperature).  Then  deformation  takes  place  usually  by  matter  diffusion  involving  bulk 
grmn  boundanes  or  to  a  less  extend  dislocations  located  within  the  grains  '  However 
dislocation  activity  can  be  important  as  soon  as  stress  level  is  increased  or  temperature 
lotwred.  TOis  deformation  mode  can  be  also  achieved  in  thin  films  epitaxied  on  substrate. 

Below  0.5  Tm  obtaining  plastic  deformation  in  ceramic  materials  by  dislocation  motion 
rather  than  crack  propagation  requires  that  there  is  an  hydrostatic  component  in  the  applied 
stress  tensor.  Compression  under  hydrostatic  pressure  can  be  used  to  promote  this  type  of 
deformation  mode  to  study,  for  example,  the  high  stress  regime  reached  in  epilayers  This 
technique  has  been  previously  applied  to  the  study  of  high  stress  plastic  deformation  of 
single  crystals:  semi  conductors  Si,^  GaAs^  and  oxides  AbOy'*,  MgAl204.^ 

Dislocations  in  ceramics  are  not  only  controlling  the  plastic  behaviour,  they  can  also 
affect  significantly  the  physical  properties  of  the  materials:  electronic  properties,  thermal 
properties,  chemical  reactivity.  This  paper  gives  examples  of  the  consequences  of 
dislocation  core  stmctures  on  macroscopic  behaviour :  the  plastic  behaviour  of  Zr02  single 
ciyst^s  below  SOO^C,  the  influence  of  dislocations  on  non  stoichiometry  and  on  the 
physical  properties  of  the  high  Tc  super  conductor  YBa2Cu307_^. 


DISLOCATION  MOBILITIES  AND  PLASTIC  DEFORMATION  OF  Zr02  SINGLE 
CRYSTALS 


Single  crystals  of  cubic  Zr02  with  fluorite  structure  were  plastically  deformed  at  low 
temperature  (250°C-550°C)  at  a  constant  strain  rate  of  e  =  2  IQ-''  s"'  under  a  confining 

^  ^  function  of  temperature  between 
OU  C  and  550  C  shows  an  anomaly:  instead  of  decreasing  continuously  with  temperature 
the  yield  stress  exhibits  a  peak  at  about  450°C  (Figure  1).  Before  this  anomaly  the  yield 
stress  IS  strongly  temperature  dependent.  Glide  planes  were  determined  from  slip  traces 
analysis  on  lateral  surfaces,  as  well  as  at  the  TEM  level.  In  the  whole  range  of  temperature 
investigated,  glide  systems  are:  (001)[110]  for  [112]  and  [326]  compression  axes  and 
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O  Zr02+9.4%  moL  Y203 
□  Zr02+14.9%  mol.  CaO 


figure  1  Yield  stress  as  a  function  of  temperature,  for  die  [1 12]  compression  axis  (single  slip  (001)  [1 10]).  A 
yield  stress  anomaly  is  evidenced  for  each  of  the  compositions. 


{lll}(110)for  [001].  For  the  easy  glide  system  (001)[110],  activated 
[112]  and  [326]  compression  axes,  the  resolved  shear  stress  measured 
respectively  893  MPa  and  593  MPa.  This  shows  that  the  Schnud  law  is  violated  for  this 
gUde  system  This  is  also  true  for  the  (1 1 1)[1 10]  glide  system.  Slip  lines  are  always  found 
wavy,  which  is  consistent  with  the  activation  of  cross  slip. 

Examples  of  the  deformation  substructure  in  the  (001)  glide  plane  are  given  here  fo 
samples  deformed  along  [112]  at  250»C  (Figure  2).  Glide  loops 
a/2[110]  Burgers  vector  are  elongated  in  the  screw  onentation  leaving 
dipoles.  Long  dipolar  loops  with  screw  character  residt  from  the 

these  dipoles.  Pinning  points  are  seen  on  the  screw  p^s  of  the  glide  1°^;^ ^^50  C  to 
edge  components  of  to  glide  loops  are  longer,  but  to  screw 

still  very  long  and  pinning  points  on  to  screw  parts  give  nse  to  small  dipoles  having 

™°^ese^^TCM^bseiwations  show  that  to  characteristics  of  to  low  temperature 
macroscopic  deformation  are  controlled  by  screw  dislocation  segments  whose  core 
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FIGURE  2  Zr02+9.4%  mol.  Y2O3  deformed  at  250°C  along  [112].  The  observation  plane  is  the  (001)  glide 
plane  (weak  beam  dark  field,  3.9  g  excited):  long  screw  segment  with  pinning  points,  screw  dipoles  with  debris. 


Structure  can  explain  macroscopic  properties  as  the  violation  of  the  Schmid  law  and  the 
yield  stress  anomaly. 

•  The  violation  of  the  Schmid  law  together  with  a  strong  temperature  dependence  of  the 
yield  stress  at  low  temperature  could  be  explained  by  a  BCC  like  dislocation 
mechanism:  a  sessile  screw  dislocation  core.®  It  is  likely  that,  since  stacking  fault 
energies  are  high  in  the  fluorite  structure,®  the  core  structure  could  be  described  by  a 
continuous  distribution  of  Burgers  vectors  on  several  planes,  yielding  to  a  sessile 
configuration. 

•  A  screw  dislocation  core  extended  on  several  planes  can  also  explain  the  observation 

of  cross  slip.  Core  constriction  required  for  cross  slip  can  be  assisted  not  only  by 
thermal  activation  but  also  by  interaction  of  mobile  screw  dislocations  with  impurities 
or  clusters  which  induce  in  the  crystal  a  stress  field  with  a  non  spherical  symmetry. 
Oxygen  vacancy-aliovalent  impurity  complexes  which  have  been  characterized  in  this 
type  of  materials  are  liable  to  nucleate  cross  slip  events^®  and  the  increase  of  the  yield 
stress  can  be  explained  by  the  hardening  introduced  by  dipole  dragging.  Indeed  an 
increase  of  the  number  of  dipoles  is  observed  in  the  range  of  the  stress  anomaly  and  the 
yield  stress  increase  Ar  resulting  from  the  dragging  of  dipoles  created  by  double  cross 
slip  can  be  estimated  as^^:  At  =  b/y  Ln(h/b) 

where  h  and  y  are  respectively  the  dipole  height  and  the  distance  between  dipoles  in  the 
glide  plane.  Taking  y  =  80b  and  h  =  10b  with  }i  =  90GPa  yields  to  Ar  =  290  MPa 
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FIGURE  3  (a)  Faulted  dislocation  loop  1/6[031]  corresponding  to  the  intercalation  of  a  CuO  layer  in  the  123 

matrix 

(b)  the  same  process  on  a  pre  existing  dislocation  (100):  the  dislocation  is  locally  dissociated  following  the 
reaction:  [010]  1/6[031]+1/6[031]  ♦ 


which  is  of  the  order  of  magnitude  of  the  measured  increase  in  yield  stress.  When 
temperature  increases  the  height  h  covered  by  the  dislocation  in  the  cross  slip  plane 
increases  and  loops  can  escape  by  an  Orowan  mechanism  :  then  the  yield  stress  decreases 
when  temperature  increases.  However  atomistic  core  structure  calculations  of  screw 
dislocation  are  required  to  get  more  insights  into  Schmid  law  violation  and  the  cross  slip 
mechanism. 


3  DISLOCATIONS  IN  YBa2Cu307-5 

Dislocations  can  be  introduced  by  plastic  deformation  under  confining  pressure  at  room 
temperature  in  YBa2Cu307_^  ceramic  materials  (123  compound).  The  easy  glide  system  is 
(100)  (001)  and  dislocations  are  usually  found  undissociated.  The  operation  of  such  a 
glide  system  was  expected  from  the  lamellar  structure  of  this  compound.  After  high 
temperature  treatments,  dislocations  appear  widely  dissociated^^  following  the  reaction: 
[010]  ^  1/6[031]  +  1/6[03T]. 

This  corresponds  to  the  insertion  of  an  additional  CuO  layer  on  (001)  into  the  core  of 
the  dislocations  and  is  discussed  in  what  follows. 
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e- perfect  crystal :  0  >  ya  >  YpC 
e-  dislocated  crystal :  ya  <  yd^ 


FIGURE  4  Plot  of  W(7a,  R)  in  a  perfect  and  in  a  dislocated  crystal  for  an  apparent  stacking  fault  energy 
7a  =  0.2  /xb 

(a)  perfect  crystal:  0  >  7a  >  7p‘^ 

(b)  dislocated  crystal:  7a  < 

3.1  The  Effect  of  Dislocations  on  non  Stoichiometry  in  YBa2Cus07-s 

Yttrium  barium  copper  oxides  exist  in  various  range  of  compositions  with  different  CuO 
contents.  In  particular  124  compound  YBa2Cu408  can  be  obtained  by  the  intercalation,  in 
the  123  matrix,  of  a  CuO  layer  on  (001)  planes  assisted  by  a  shear  a/2[010].  The 
periodicity  of  such  an  intercalation  along  the  c  axis  yields  to  the  formation  of  various 
compounds  :  124,  127. . .  The  elementary  process  i.e.  the  intercalation  of  one  CuO  layer  is 
associated  to  the  formation  of  a  so  called  1/6[031]  ‘stacking  fault’.  This  type  of  defect  is 
often  observed  in  bulk  123  as  well  as  in  thin  films.  An  embryo  of  such  a  new  phase  is  then 
limited  by  a  dislocation  loop  with  Burgers  vector  1/6  [031]  which  erases  the  shear  of  the 
matrix  as  well  as  the  dilatation  c/6  due  to  the  additional  CuO  layer  (cf  Figure  3  a). 

The  energy  associated  to  the  precipitation  of  a  platelet  of  one  atomic  layer  of  CuO, 
assimilated  to  a  disc  of  radius  R,  using  isotropic  elasticity,  can  be  written  as: 

W(7a,  R)  =  RAibV2(l  -  v)  ln(2R/ro)  +  7rR27a  =  KpRln(2R/ro)  +  7rR27a 
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FIGURE  5  Temperature  dependance  of  Jc  for  YBa2Cu307  oriented  powder  (from  21) 
(1):  standard  powder,  (2);  powder  with  a  high  density  of  dislocations 


where  the  first  term  is  the  strain  energy  of  the  partial  dislocation  loop  (h  —  1/6[031]) 
bounding  the  CuO  layer,  the  second  one  is  the  energy  associated  to  the  ‘stacking  fault’ 
with  surface  energy  7a.  This  apparent  ‘stacking  fault’  energy  7a  is  the  sum  of  the  interface 
energy  of  the  CuO  layer  with  the  host  matrix  7e  and  the  difference  in  free  energy  per 
surface  unit  AF  =  (F2“Fi)  between  the  free  energy  F2  of  the  precipitated  state  and  the  free 
energy  Fi  of  the  unprecipitated  state. 

A  critical  stacking  fault  7p‘^  =  -Kp/27rro  can  be  defined,  so  that  for  %  <  7p^,  W(7a,R)  is 
always  negative:  below  this  critical  value  of  the  apparent  stacking  fault  energy,  a  CuO 
layer  is  spontaneously  nucleated  in  a  123  matrix.  For  7p‘^  <  7a  <  0,  W(7a,  R)  is  not  a 
monotonous  function  of  R.  When  7a  is  positive,  W(7a,  R)  is  positive  whatever  the  values 
of  R:  then  the  CuO  layer  is  unstable  unless  additional  thermodynamic  constraints  are 
applied  to  the  system  (Figure  4). 

Such  a  precipitation  can  be  also  promoted  on  pre  existing  dislocation  with  (100) 
Burgers  vectors  following  the  dissociation  reaction: 

[010]  ^  1/6[031]  +  1/6[03T]  ie  1/2[010]  +  1/2[010]  +  1/6[001]  -  1/6[001] 
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The  precipitation  of  a  platelet  of  one  atomic  layer  of  CuO,  assimilated  to  a  disc  of  radius  R, 
leads  to  the  replacement  of  a  perfect  dislocation  segment  of  length  2R  by  a  dissociated  one 
bounding  a  disc  of  stacking  fault  of  radius  R  (Figure  3b).  It  can  be  shown^^  that,  in  the 
same  way  as  in  the  preceeding  section,  this  energy  ’^an  be  formally  written  as: 

Wd(7a,R)  =  KdRln(2R/ro)  +  7rR^7a 

Computations  show  that  Kd  «  Kp/3.  A  critical  stacking  fault  energy  can  be  defined  here 
again  as:  7^^"  =  -Kd/27n-o  with  7/  7p73.  Then  for  the  same  thermodynamical 

conditions  defined  by  the  value  of  7a(7a  <  0),  an  additional  CuO  layer  can  be  unstable  in  a 
perfect  crystal  and  stable  in  a  dislocated  crystal  (Figure  4).  This  analysis  shows  that  pre¬ 
existing  dislocations  provide  sites  for  nucleation  of  additional  CuO  layers  and  that  high 
temperature  treatements  can  convert  clean  dislocation  cores  into  non  stoichiometric  cores 
as  soon  as  CuO  diffusion  is  efficient. 


3.2  The  Effect  of  Dislocations  on  the  Pinning  of  Vortices  in  YBa2Cu307-6 

High  Tc  superconductors  ceramics  are  characterized  by  very  small  correlation  distances 
between  superconducting  carriers:  0.4  nm  in  the  [001]  direction  and  3.1  nm  in  the 
perpendicular  directions  for  YBa2Cu307_5.^'^  Since  any  defect  which  is  associated  to  a 
disturbed  part  of  crystal  of  the  order  of  ^  can  be  efficient  in  the  core  pinning  of  flux  lines', 
this  put  forward  the  possible  influence  of  lattice  defects,  as  dislocations,  on  super¬ 
conducting  properties  in  such  materials.  Furthermore  dislocations  have  the  same 
cylindrical  symmetry  as  vortices  and  are  potential  defects  for  the  pinning  of  fluxoids  in 
two  ways:  i)  strain  effects:  coupling  of  strain  fields  of  dislocations  and  vortices,  as  well  as 
electronic  effects  associated  to  local  pressure  variations  in  dislocation  cores,  ii)  stoichio¬ 
metry  effects:  stoichiometry  can  be  locally  affected  at  dislocation  core  (see  above  section), 
leading  to  a  local  change  in  Tc  since  Tc  depends  drastically  on  stoichiometry.^^ 

Neglecting  the  coupling  between  electronic  effects  (see  for  example)^^  and  the  stress 
field  of  dislocation,  the  interaction  energy  between  a  dislocation  and  an  infinitesimal  length 
of  vortex  distant  of  r  can  be  formally  written  as:^^ 

Hint  =  Es  +  Ei  =  -Pij£ij(r)  -  eij(r)aijki£ki(r) 


where  Eg  is  the  size  effect  due  to  the  volume  change  of  the  vortex  compared  to  the 
superconducting  state  and  Ei  is  the  inhomogeneity  interaction  due  to  the  change  in  elastic 
constant  between  the  vortex  and  the  matrix  (Pij:  dipole  tensor  of  the  vortex,  e:ij(r):  strain 
induced  by  dislocation  at  r,  aijki:  dielastic  polarisability  which  contributes  to  the  change  in 
elastic  constants). 

Indeed  dislocation  effects  on  physical  properties  have  been  observed  (increase  of 
critical  current  (Jc))  after  high  temperature  deformation  of  melt  textured  YBCO^^  and  after 
specific  processing  of  ceramic  materials. However  in  these  experiments  where 
dislocations  are  nucleated  at  high  temperature,  it  is  difficult  to  separate  the  effect  of 
strain  from  the  effect  of  non  local  stoichiometry.  To  separate  these  two  contributions, 
dislocations  were  introduced  at  room  temperature  in  ceramic  material  in  the  (001)  plane^® 
and  the  powder  characterized  before  and  after  the  treatment  by  magnetic  measurements.^^ 
The  introduction  of  these  dislocations  has  no  significant  influence  on  relaxation  for  field 
parallel  to  the  c  axis.  However  for  field  in  the  (001)  plane  dislocation  seem  to  act  as 
efficient  pinning  center  for  vortices  moving  along  the  (001)  plane:  the  decrease  of  Jc  as  a 
function  of  temperature  is  lower  for  dislocated  powders  (Figure  5). 
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4  CONCLUSION 

Extreme  mechanical  testing  conditions  can  promote  plasticity  in  ceramic  materials  at  low 
temperature  and  high  stress.  Using  uniaxial  compression  under  confining  pressure, 
plasticity  by  dislocation  glide  can  be  induced.  This  technique  is  useful  in  deriving  the 
deformation  mechanisms  operating  below  the  usual  brittle-ductile  transition  temperature, 
for  example  in  hetero-epitaxied  thin  films.  Glide  configuration  of  dislocations  are  obtained, 
so  that  intrinsic  characteristics  of  dislocations  can  be  derived.  In  this  temperature  range, 
dislocation  mobilities  are  found  to  be  controlled  by  core  structure  and  Peierls  mechanisms. 
Controlled  deformation  substructures  can  be  used  also  to  modify  physical  properties  of 
materials.  Indeed  physical  properties  of  HTc  superconductors  depend  strongly  on 
microstructure:  grain  boundaries,  microcracks,  local  fluctuations  of  oxygen  content, 
dislocations,  stacking  faults...  Dislocations  have  been  found  to  act  as  pinning  centers. 
However  better  knowledge  of  pinning  mechanisms  and  plastic  deformation  properties  are 
needed  in  this  class  of  materials  in  order  to  improve  critical  currents. 
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PLASTIC  DEFORMATION  OF  CaFa 
SINGLE  CRYSTALS 

A.  MUNOZ,  A.  DOMINGUEZ  RODRIGUEZ  and  J.  CASTAING* 

Dept.  Fisica  Materia  Condensada  &  ICMSE,  Apartado  1065,  41080  Sevilla  (Spain) 

CaF2  single  crystals  have  been  deformed  in  compression  along  various  axis  in  order  to  determine  their  slip 
systems.  Strong  plastic  anisotropy  was  found  below  600°C.  The  slip  planes  are  {100},  (111)  and  {110},  the 
CRSS  increasing  from  the  first  to  the  last. 

Key  words:  plastic  anisotropy;  dislocation,  slip  plane,  CaF2. 


1  INTRODUCTION 

There  have  been  many  studies  on  the  plastic  deformation  of  UO2  and  cubic  zirconia 
because  of  their  important  applications.  These  compounds  have  the  crystalline  structure  of 
CaF2.  They  all  have  the  same  (110}  slip  direction,  but  display  contrasted  behaviours  as  for 
their  slip  planes  [1-2].  This  is  ascribed  to  the  large  amount  of  point  defects  related  to  non¬ 
stoichiometry  in  UO2  and  to  stabilising  additives  (CaO,  MgO, .  .  .)  in  zirconia.  In  order  to 
have  a  basis  for  the  understanding  of  the  plastic  behaviour  of  CaF2  structure  crystals,  we 
have  performed  mechanical  test  experiments  on  CaF2  single  crystals  to  determine  the 
different  slip  planes  which  can  be  activated  between  the  brittle  to  ductile  transition  and  the 
high  temperature  isotropic  regime  (T  ~  Tm/2;  Tm  =  1418°C,  melting  temperature). 


2  EXPERIMENTAL  TECHNIQUES 

High  quality  CaF2  single  crystals  were  provided  by  SOREM  (Pau,  France).  There  were  cut 
as  parallelepipeds  of  about  3x3x6  mm^  size  with  various  orientations  allowing  us  to 
favour  different  slip  systems,  as  depicted  in  the  following  table. 


compression 

axis 

lateral 

faces 

{  100} 

Schmid 

factor 

{  110  } 

Schmid 

factor 

{  111  } 

Schmid 

factor 

(001) 

{liO}, 

{110} 

0.00 

0.50 

0.41 

(115) 

(552}, 

{110} 

0.26 

0.44 

0.45 

(113) 

{332}, 

{110} 

0.39 

0.36 

0.45 

(112) 

{111}, 

{110} 

0.47 

0.25 

0.41 

(Oil) 

{111}, 

{211} 

0.35 

0.25 

0.41 

Compression  tests  were  conducted  at  a  constant  strain  rate  of  about  1.4  x  10“^  s~^  in 
air,  at  temperatures  between  20° C  and  600° C.  The  critical  resolved  shear  stress  (CRSS) 
were  taken  at  the  off-set  from  the  initial  linear  behaviour. 
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FIGURE  1  simultaneous  observation  of  the  slip  lines  in  two  orthogonal  faces  of  a  deformed  specimen. 

T  =  597  °C.  Total  strain  =  0.85%.  The  slip  lines  are  at  an  angle  of  about  54  °7’  from  the  (001)  compression  axis, 
corresponding  to  {110}  slip  planes. 


The  slip  planes  which  were  activated  were  deduced  from  the  optical  observations  of  the 
surface  of  the  specimens. 


3  RESULTS  AND  DISCUSSION 

Specimens  deformed  at  room  temperature  were  generally  brittle,  except  in  some  cases 
where  {  100  }  slip  was  activated.^  This  indicates  that  for  our  CaF2  crystals,  the  brittle  to 
ductile  temperature  is  around  20  °C,  well  below  previous  results, probably  because  we 
used  high  quality  crystals. 

Whatever  the  specimen  orientations,  the  stress  strain  curves  show  gradual  changes  from 
the  initial  linear  stage  (“elastic”  behaviour)  to  the  plastic  yielding  which  displays  large 
work-hardening  rates  decreasing  with  the  deformation.^  The  understanding  of  the  details 
of  the  mechanisms,  at  all  stages  of  the  stress  strain  curves,  is  worth  further  investigations. 

The  observation  of  the  faces  of  the  specimens  (Figure  1)  allowed  us  to  determine  the 
slip  planes  which  were  activated,  the  slip  direction  being  (1 10).  We  found  the  {100}  plane 
at  all  temperatures  for  the  stress  a  parallel  to  (113),  (112)  and  (011).  For  cr//(l  15),  { 100) 
is  activated  below  400°  C  in  spite  of  its  small  Schmid  factor  (see  table)  indicating  that  it  has 


PLASTIC  DEFORMATION  OF  CaFz  SINGLE  CRYSTALS 


[1441]/215 


FIGLFRE  2  Critical  resolved  shear  stress  (CRSS)  at  the  onset  of  bulk  deformation,  as  a  function  of  temperature 
for  the  various  slip  planes. 


the  lowest  CRSS,  as  already  found  previously Above  a  temperature  of  400°C,  { 1 1 1 }  is 
observed  suggesting  that  it  has  a  CRSS  lower  than  the  one  of  { 1 10},  contrary  to  what  has 
been  admitted  until  now.  For  all  (001),  the  primary  slip  plane  {100}  cannot  be  activated 
(see  table);  below  400°C,  we  observed  {111}  confirming  that  it  is  the  secondary  slip  plane 
in  high  purity  CaF2.  The  CRSS  values  for  the  various  slip  planes  are  shown  in  Figure  2.  At 
600°C  (0.52  Tm)  the  plasticity  is  isotropic,  the  choice  of  the  slip  plane  being  determined  by 
the  Schmid  factor  (see  table). 

As  usual,  we  consider  three  criteria  to  explain  plastic  anisotropy:  (i)  dislocation  elastic 
properties,  (ii)  Peierls  force,  (iii)  electrostatic  interactions  during  dislocation  glide.  Only 
the  third  one  is  able  to  explain  the  observations  for  CaF2.^  Obviously,  it  cannot  be  applied 
so  directly  to  zirconia  and  to  UO2  which  do  not  follow  the  same  sequence  of  slip  planes 
with  increasing  CRSS  values. 
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A  MATERIAL  SCIENCE  APPROACH  FOR  THE 
EVALUATION  OF  THE  RHEOLOGICAL  STATE  INTO 
THE  EARTH’S  LOWER  MANTLE 


F.  VALLIANATOS,^  K.  EFTAXIAS^  AND  A.  VASSILIKOU-DOVA^ 

^Technical  University  of  Crete,  Chania,  73100,  Crete,  Greece;  ^University  of  Athens, 
Section  of  Solid  State  Physics,  Greece 


In  the  present  paper,  making  the  crusial  assumption  that  the  rheological  state  of  the  lower  mantle  silicate  materials 
controlled  by  creep  mechanism,  we  study:  (i)  the  upper  and  lower  limits  in  the  depth  (i.e.  temperature  and 
pressure)  variation  of  the  activation  volume  for  creep  and  (ii)  the  lower  permissible  isoviscous  temperature  profile. 

The  calculation  indicates  that:  (i)  the  activation  volume  decreases  by  almost  50%  from  the  top  to  the  bottom  of 
the  lower  mantle,  (ii)  it  is  impossible  to  maintain  a  rheological  state  in  which  both  isoviscosity  and  adiabaticity 
can  precisely  exist,  throughout  the  lower  mantle. 

Key  words:  rheology,  creep,  silicates,  mantle,  viscosity. 


1  INTRODUCTION 

The  rheological  parameters  of  the  Earth’s  interior  are  critical  in  our  understanding  of  the 
Earth  s  evolution  and  among  others  the  viscosity  is  a  crusial  one,  in  any  speculation  of 
mantle’s  convection.^ 

In  order  to  calculate  the  rheological  parameters  of  the  Earth’s  lower  mantle  we  use  a 
solid  state  physics  approach,  accepting  that  mantle  must  flow  by  solid  state  creep.^  To 
estimate,  the  viscosity  77  at  a  pressure  P  and  temperature  T,  the  following  equation 
(suggested  by  creep  experiments^)  is  usually  used:  77  =  ?7o*exp(g^''7kT),^  where  770*  is  a 
proexponential  factor,  k  is  Boltzman’s  constant  and  g^""^  is  the  activation  Gibbs  energy. 

The  viscosity  should  depend  on  temperature  (through  the  activation  energy)  and 
pressure  (through  the  activation  volume).  In  order  to  estimate  the  Gibbs  activation  energy 
and  the  activation  volume  we  rely  in  a  thermodynamic  model  termed  as  cBn."^  This  model 
results  from  thermodynamical  considerations  that  lead  to  a  connection  between  g®^^*  and  the 
macroscopic  properties  of  a  solid. 

It  is  the  purpose  of  this  paper  i)  to  apply  this  model  in  order  to  estimate,  the  boundary 
values  of  activation  volume  in  the  Earth’s  Lower  Mantle  and  ii)  to  estimate  the  lower 
bound  of  the  isoviscous  temperature  profile  and  compare  it  with  the  adiabatic  one. 


2  THE  cBQ,  MODEL 

According  to  the  so-called  cBQ  model^  the  Gibbs  energy  g^^^  is  given  by:  g^^^  =  c^""^  B  Qf 
where  B  is  the  isothermal  bulk  modulus,  Q  is  the  mean  atomic  volume  and  c^""^  is  a  factor 
which,  for  a  given  host  lattice  is  practically  temperature  independent,  under  the  well 
justified  assumption  that  the  ‘isochoric’  defect  entropy  does  not  change  significantly  with 
temperature.^  The  pressure  variation  of  g^''^  has  been  studied,^  using  the  value  of  the 
quantity  defined  by:  =  -dlnc^^VdP  |t.  They  concluded  that  if  the  compressibility 
^act  _  —  dlnV^^7<iP  It  of  the  activation  volume  has  a  value  which  is,  at  most  a  few 
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FIGURE  1  Variation  of  activation  volume  for  creep  with  depth  for  various  models.  =  1  at  770  Km. 

(K)  Karato  (1981a,  b);  (PL)  Poirier  and  Liebermann  (1984).  Lines  (1)  and  (2)  represent  the  upper  (lower) 
boundary  limits  in  the  values  of  the  depth  variation  of  the  activation  volume  obtained  using  cBQ,  model. 

times  larger  than  the  bulk  compressibility  k(=  1/B)  then  the  factor  is  independent  of 
pressure  in  pressure  range  AP  for  which  (AP/B)  <  O.l.  It  was  also  pointed  out  that 
generally  0<  k""  <k,  and  at  very  high  pressures  i.e.  (AP/B)  >  0.1,  a  decrease  of  the  value 
of  c^^^  should  be  considered;  the  maximum  pressure  variation  of  c^'"^  can  be  estimated, 
when  =  K,  and  then  c^"^^  can  be  expressed  by: 


Cact(p)  ^  ^^act  exp( J  -KdP) 


where  and  c/''^  denotes  the  values  of  c^''^  at  pressures  P  and  Po  respectively. 

We  recall  that  the  reliability  of  eq(2)  has  already  been  checked  in  various  categories  of 
solids  and  liquids  and  different  processes."^’^’^ 


3  GEOPHYSICAL  APPLICATION  OF  THE  cBf^  MODEL 

Boundaries  in  the  variation  of  the  activation  volume  for  creep  within  the  Earth’s  Lower 
Mantle  By  differentiating  eq(2),  in  respect  to  pressure  and  recalling  that 
yact  _  dgact/cip  |.j,  get: 

HR 

It  -1)  - 


(4) 


1  800  "1~  I  I  I  I  r  I  "I"  I  I  ["r  I  I  I  1  1  I  I  I  [  I  I  I  I  1  I  I  1  I  |’"i  I  I  1'  I  I  I  I  I  I  I  I  I  1  i  I  I  I 
600  1100  1600  2100  2600 

Depth  (Km) 


FIGURE  2  The  lower  permissible  value  of  isoviscous  geotherm  (I)  calculated  from  eq.(lO)  with  p  and  B  from 
P.R.E.M.  The  adiabat  is  taken  from  Brown  and  Shankland  (1981).  The  curve  IPL  is  the  isoviscous  geotherm 
calculated  by  Poirier  and  Liebermann  (1984). 


In  order  to  estimate  the  maximum  and  the  lower  values  of  for  each 

depth  of  the  lower  mantle  we  use  the  aforementioned  constrains  for  i.e.  0  <  <  /c.  An 

application  of  eq.(4)  gives,  for  =  0: 

V,°-‘  n  (dB/dP  It  -1)  go  (dB/dP  It  -1) 

fio  (dB/dP  1„ -1)  ^(dB/dP|o-l)  ^ 


A  combination  of  eq(4)  with  eq(3)  leads  to  an  expression  for  when  k‘^  =  k 


n  (dB/dP  It  -2) 
fio  (dB/dP  |„  -2) 


— k(z)  dP(z)) 


(6) 


where  q,  dB/dP  denote  the  mean  molecular  volume,  the  density  and  the  pressure 
derivative  of  bulk  modulus,  in  a  certain  depth  of  the  lower  mantle,  respectively;  those 
labelled  with  the  subscript  ‘o’  correspond  to  the  values  at  the  top  of  the  lower  mantel.  The 
values  of  g  and  dB/dP  are  dedused  from  the  seismic  velocites  available  at  various  depths 
when  the  Preliminary  Reference  Earth  ModeF  is  employed.  Figure  1  shows  the  two  ratios 
and  versus  depth  in  the  Earth’s  lower  mantle. 
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Isoviscosity  and  adiabaticity  in  the  Lower  Mantle  We  now  proceed  to  the 
discussion  of  the  isoviscosity  of  the  lower  mantle  by  applying  the  cBO  model.  A 
combination  of  eqs(l)  and  (2)  leads  to  an  expression  for  the  viscosity  rj: 

V  =  %*  exp(c^“BO/kT)  (7) 

An  insertion  of  the  definition  of  isoviscous  temperature  into  eq(7)  leads  to: 

Tisov  =  (B/Bo)(po/p)(c“=7C')To  (8) 

In  order  to  obtain  the  lower  value  of  Tisov  we  use  eq(3)  for  the  depth  variation  of  (i.e. 
and  we  get: 

T|,isov  =  (B/B„)(po/p)To  exp([  -«(z)dP(z))  (9) 

•Izo 

In  Figure  2  we  have  plotted  Ti^sov  calculated  from  eq(9)  and  compared  it  with  the  adiabatic 
temperature  Tad  from  the  lower  mantle  derived  by  Brown  and  Shankland.^ 


4  DISCUSSION 

The  present  paper  deals  with  an  application  of  a  model  from  Solid  State  Physics  to  a 

Geophysical  problem. 

a)  We  have  apply  the  cBH  model  into  the  estimation  of  the  upper  and  lower  bounds  of  the 

ratios  versus  depth  in  the  Earth’s  lower  mantle.  It  is  found  that  the 

activation  volume  decreases  by  almost  50%  from  the  top  to  the  bottom  of  the  lower 
mantle.  This  variation  is  in  agreement  with  the  results  of  Poirier  and  Liebermann®  but 
disagree  with  those  of  Karato.^^  The  compatibility  of  our  results  to  those  of  Poirier  and 
Liebermann  can  also  be  seen  as  follows:  in  order  to  estimate  the  ratio 

latter  authors  used  an  expression  which  connect  with  the  bulk  modulus  B  and  the 
thermal  Gruneisen  parameter  7.  Their  expression,  however  can  be  derived  in  the  frame 
of  cBQ.  model  as  a  limiting  case  for  =  0.^^  On  the  other  hand  Karato^*^  arbitrarily 
assumed  that  =  k  which  is  valid  only  when  dB/dP  is  constant,  i.e.  in  the  case  of 
quasi-harmonic  (QA)  approximation  in  solids.  In  the  case  of  real  solids  however  the 
quantity  dB/dP  varies  significant  with  pressure^^  and  a  rough  estimation  of  the  quantity 
gives  for  olivine  values  of  the  order  of  2.3  and  4  for  =  0  and  k  respectively. 
The  latter  difference  might  explain  why  the  values  obtained  by  Karato^®  for  the  ratio 
lie  outside  of  the  range  determined  in  the  present  paper. 

b)  A  second  result,  is  the  estimation  of  the  lower  permissible  value  of  isoviscous 
temperature  throughout  the  lower  mantle.  It  is  found  that  it  is  impossible  to  maintain, 
throughout  the  lower  mantle,  a  state  in  which  both  isoviscosity  and  adiabaticity  can 
exist  as  it  was  ussually  assumed.  This  result  agrees  with  that  obtained  by  Poirier  and 
Liebermann.^  The  latter  can  be  shown  as  follows:  in  order  to  estimate  Tjsov  they  use  the 
equation^:  n  =  noexp(a  TmAT)  (10)  where  Uq  a  proexponential  factor,  a  an 
empirical  constant  and  T^  the  melting  temperature.  Equation  (10)  is  a  straightforward 
result  of  the  empirical  law  that  the  experimental  activation  enthalpy  scales  with  melting 
temperature  i.e  h^^^  a  Tm-  Such  an  empirical  low  however  has  been  already 
explained^ ^  in  the  frame  of  the  cBQ  model,  which  also  enables  the  understanding  of 
the  value  of  the  proportionality  factor  a. 
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DIFFUSION-CONTROLLED  TRANSITORY  CREEP  IN 

BINARY  OXIDES 


M.  JIMENEZ-MELENDO,  A.  DOMINGUEZ-RODRIGUEZ  and  J.  CASTAING* 

Departamento  de  Fisica  de  la  Materia  Condensada,  Aptdo.  1065.  41080  Sevilla  (Spain) 

*Laboratoire  de  Physique  des  Materiaux,  CNRS-Bellevue,  92195  Meudon  (France) 

Valuable  information  about  minority  point  defects  in  binary  oxides  can  be  obtained  by  using  fast  temperature  (T) 
and  oxygen  partial  pressure  (Pqj)  changes  during  high  temperature  creep  deformation.  A  creep  transient  is 
established  after  a  T  or  Pq^  change,  which  reflects  the  evolution  of  the  point  defect  concentration  responsible  for 
the  diffusion  of  the  slowest  species  to  the  new  equilibrium  value,  allowing  us  the  determination  of  the  chemical 
diffusion  coefficient  and  the  migration  energy  of  these  defects. 

Key  words:  creep,  diffusion,  oxide,  point  defect. 


1  INTRODUCTION 

At  elevated  temperatures,  different  physical  and  chemical  properties  of  ceramic  oxides  are 
related  to  the  point  defect  concentrations  that  they  contain.  In  simple  oxides,  the 
thermodynamic  parameters  temperature  T  and  oxygen  chemical  activity  (oxygen  partial 
pressure,  P02)  determine  the  point  defect  equilibria. 

Different  techniques  (thermogravimetry,  ionic  and  electrical  conductivity,  etc.)  are 
sensitive  to  the  majority  point  defects.  However,  observations  of  the  minority  point  defects 
are  rather  difficult  because  of  their  very  low  concentrations.  It  has  been  shown ^  that,  at 
high  temperatures,  the  steady  state  strain  rate  e  is  proportional  to  the  diffusion  coefficient 
of  the  slowest  species  Di  when  transport  of  matter  is  the  ultimate  rate-controlling 
mechanism.  If  a  fast  T  or  P02  change  is  performed  during  steady  state  creep  deformation,  a 
transitory  creeps  is  induced,  which  characterizes  the  evolution  of  the  minority  point  defect 
responsible  for  Di  towards  the  new  equilibrium  value.  Analysis  of  this  creep  transient  can 
bring  information  about  the  formation  and  migration  of  these  defects. 


2  ANALYSIS  OF  CREEP  TRANSIENTS 

At  high  temperatures,  the  strain  rate  e  is  usually  controlled  by  mass  transport  (diffusional 
creep,  grain  boundary  sliding,  climb  recovery  creep,  etc.)  and  can  be  written; 

£  =  A.(/.Di 

where  A  is  a  constant,  a  the  stress  and  Dj  the  diffusion  coefficient  of  the  slowest  species. 
For  the  transition  metal  oxides  (NiO,  CoO,  CU2O,  etc.)  and  AI2O3,  the  slowest  moving 
atoms  are  oxygen,  whereas  they  are  cations  for  Y2O3 -stabilized  Zr02.  Di  has  the  form: 

Di  =B.[d].D‘* 

where  B  is  a  constant,  and  [d]  and  D"*  are  the  concentration  and  the  diffusion  coefficient  of 
the  point  defects,  respectively. 
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FIGURE  1  Creep  transient  after  a  temperature  change  plotted  as  log  e  vs  t  for  a  CoO  single  crystal.  Comparison 
of  the  experiments  with  the  calculated  point  for  various  D. 


If  a  fast  P02  change  is  performed  during  creep  deformation,  a  transitory  state  £(t)  is 
established  due  to  the  evolution  of  [d]  from  an  initial  value  (ii  oc  [di]  at  t  —  0)  to  a  final 
one  (^2  oc  [d2]  for  t  >  teq).  The  analysis^  of  £(t)  between  t  =  0  and  t  =  teq  allow  us  to  the 
determination  of  the  chemical  diffusion  coefficient  D,  which  characterizes  the  rate  of 
equilibrium  of  the  minority  point  defect. 

The  same  creep  transient  is  expected  after  a  AT  change,  except  that  the  creep  rate  is 
increased  by  a  factor  (T1/T2).  exp(— AHni.AT/k.Ti.T2)  immediately  after  the  T  step 
because  of  the  enhancement  of  the  point  defect  migration  rate.  The  corresponding 
activation  energy  AHm  can  be  measured  from  this  instantaneous  jump  of  i. 


3  RESULTS  AND  DISCUSSION 

Temperature  changes  have  been  performed  on  NiO"^  and  CoO^  single  and  polycrystals. 
Figure  1  displays  a  transitory  creep  for  a  CoO  single  crystal  after  a  T  change  on  a  strain 
rate  i  vs  time  t  plot,  showing  the  sensitivity  in  the  determination  of  D.  The  chemical 
diffusion  coefficient  D  deduced  from  these  experiments  were  in  good  agreement  with 
those  determined  for  cation  vacancies,  the  majority  defects  in  these  oxides,  as  shown  in 
Figure  2  for  NiO  single  crystals. 

The  same  behavior  has  been  found  in  CoO^  and  Cu20^  using  P02  changes.  These 
results  indicate  that  the  change  of  minority  point  defects  which  control  the  strain  rate  i: 
(oxygen  vacancies  for  the  oxides  mentioned  above)  is  controlled  by  the  diffusion  of  metal 
vacancies  from/to  the  surface. 

No  transients  after  T  changes  were  found  in  Y2O3 -stabilized  Zr02  and  AI2O3  single 
crystals,  indicating  that  the  concentration  of  the  rate-controlling  point  defects  are  fixed  by 
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FIGURE  2  Arrhenius  plot  of  chemical  diffusion  coefficients  D  for  NiO  deduced  from  transitory  creep  tests  after 
T  changes  (black  circles)  and  from  electrical  conductivity  (solid  line). 


alloying  and  impurities,  respectively.  In  these  conditions,  the  activation  energy  found  by 
standard  creep  experiments  can  be  ascribed  to  the  migration  energy  of  minority  point 
defects. 
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CREEP  BEHAVIOUR  OF  21  MOLE%  Y2O3-FULLY 
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Creep  tests  have  been  performed  on  21  mole%  yttria  fully  stabilized  zirconia  single  crystals  between  1400°C  and 
1800°C.  The  mechanical  parameters  measured  have  been  adjusted  to  a  conventional  creep  law.  The  temperature 
dependence  of  the  strain  rate  has  been  fitted  to  a  conventional  Arrhenius  plot.  From  the  stress  exponents  and 
activation  energies  found,  it  is  concluded  that  there  is  a  remarkable  transition  in  the  mechanical  behaviour  of  this 
solid  solution  at  T  ^  1500°C.  This  behaviour  is  compared  with  one  found  for  lower  Yttria  concentration  single 
crystals,  within  the  full  stabilized  field. 

Key  words:  Y-FSZ,  creep,  activation  energy. 


1  INTRODUCTION 

One  of  the  interests  for  Y2O3 -stabilized  cubic  zirconia  (Y-FSZ)  comes  from  its  high  flow 
stress  at  high  temperatures.^  On  top  of  that,  plastic  deformation  is  useful  because 
considerable  basic  information  concerning  the  controlled-diffusion  mechanisms  can  be 
obtained  from  these  studies. 

Several  previous  papers  have  been  published  on  the  creep  mechanical  properties  of 
Y-FSZ  with  low  Yttria  concentration,  like  in  Ref.^  However,  there  exists  a  lack  of 
corresponding  information  in  the  case  of  High  Yttria  concentration  zirconia  solid 
solutions,  especially  all  aspects  regarding  their  temperature  dependence.  This  work  aims  at 
covering  this  matter. 


2  EXPERIMENTAL  PROCEDURE 

Raw  samples  of  21  mole%- Y-FSZ  single  crystals  grown  by  skull  melting  provided  a  Ceres 
Corporation;  (Masachussets,  U.S.A.)  were  oriented  by  means  of  the  Laue  X-ray 
backscattering  technique  and  cut  into  parallelepipeds  (2.0  x  2.0  x  4.5  mm)  in  such  a 
way  that  the  longer  axis,  the  loading  one,  was  a  (1 12) -direction  and  the  parallel  faces  were 
(110)  and  (111)  planes.  With  this  orientation,  at  the  yield  point,  only  one  slip  system  is 
activated  {(001),  [110]}  with  a  Schmidt  factor  of  0.47.^  The  samples  were  polished 
mechanically  with  diamond  pastes  of  different  grain  sizes  up  to  3  pm. 

Creep  tests  were  carried  out  in  compression  using  the  machine  described  in  reference"^ 
at  temperatures  between  1400°C  and  1800°C,  with  strain  rates  from  2.10~'^s“^  to 
3.10“^s“^  In  each  test,  different  creep  rates  were  achieved  by  changing  either  the  load  or 
the  temperature.  It  was  never  changed  both  of  them  at  the  same  time.  In  order  to  avoid 
indentation,  silicon  carbide  pads  were  interposed  between  the  samples  and  the  rams.  The 
data  were  recorded  as  strain  rate  versus  strain. 
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FIGURE  1  Strain  rate  normalized  to  a  conventional  value  of  100  MPa  versus  the  inverse  of  temperature. 

(In  e  vs.  1/T) 


3  RESULTS  AND  DISCUSSIONS 

The  data  measured  were  the  steady-state  strain  rate  and  the  condition  of  working  (The 
couple  cr,  T).  It  was  admitted  that  the  mechanical  behaviour  can  be  described  by  the 
conventional  empirical  law  for  creep  in  single  crystals:^ 


where  e  is  the  strain  rate,  b  is  the  Burgers  vector  for  dislocations  in  YFSZ  (b  =  3.63  A), 
is  the  shear  modulus,  n  and  Q  are  the  empirical  parameters  known  as  the  stress  exponent 
and  the  activation  energy,  respectively,  and  ^4  is  an  empirical  constant.  The  rest  of  the 
symbols  have  their  conventional  meaning.  The  most  interesting  information  achieved  from 
the  data  measured  are  the  parameters  n  and  Q.  They  were  calculated  using  three  different 
ways: 

n  and  Q  were  calculated  by  means  of  jumps  of  load  and  temperature,  respectively, 
during  the  creep  tests. 

On  the  other  hand,  all  the  stress  were  normalized  to  a  conventional  value  (100  MPa) 
using  the  stress  exponents  measured,  and  the  plot  Lne  vs.  1/T  was  performed.  (Figure  1). 
An  additional  way  was  performed  in  order  to  measure  Q\ 

Creep  tests  were  carried  out  in  which  the  same  load  was  kept  all  the  time,  and  the 
temperature  was  increased  progressively  from  1400°C  up  to  1650°C  in  intervals  of  50°C. 
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FIGURE  2.  In  e  vs.  HT  for  a  sample  in  which  a  load  was  kept  constant  and  the  temperature  was  increased 
progressively  from  1400° C  up  to  1650°C. 


After  each  temperature  rise,  the  system  was  kept  long  enough  time  deforming  in  order  to 
reach  the  stationary  state  again  and  have  an  accurate  measure  of  the  strain  rate.  We  have 
restricted  ourselves  to  a  short  interval  of  temperature  so  that  all  the  strain  rates  found  were 
in  the  same  ranges  of  values  considered  for  the  other  tests.  This  fact  prevents  us  from 
studying  different  deformation  mechanisms.  The  plot  recorder  is  shown  in  Figure  2. 

Comparisons  of  the  various  data  show  a  good  agreement  between  them  for  T  >  1500°C. 
The  activation  energy  at  temperatures  higher  than  1500°C  is  5.5  ±  0.4  eV,  whereas  it  is 
near  9  eV.  (8.9  ±  0.6  eV)  for  T  <  1500°C.  As  for  the  stress  exponents,  they  turn  to  be 
around  5  for  T  <  1500°C,  and  decreases  to  3  for  r>  1500°C.  This  qualitative  behaviour 
has  already  been  found  for  9.4  mole%-YFSZ  single  crystals,^  but  in  our  case  the  change  is 
more  striking.  On  the  other  hand,  the  mechanical  properties  of  our  samples  are 
considerable  enhanced  with  respect  to  those  crystals,  as  the  strain  rate  diminishes  two 
orders  of  magnitude  for  the  same  load  and  temperature. 
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From  these  results,  it  is  clear  that  a  different  deformation  mechanism  controls  the  plastic 
deformation  of  21  mole%-Y-FSZ  single  crystals  in  the  two  ranges  of  temperature  taken 
into  consideration.  The  rate  controlling  mechanism  for  T  >  1500°C  is  characterized  by  an 
energy  which  is  quite  similar  to  that  found  by  Martinez  et  al?  in  the  case  of 
9.4  mole%-Y-FSZ  for  T  >  1450°C.  This  fact  may  indicate  that  a  similar  deformation 
mechanism  must  work  in  the  two  materials,  no  matter  the  composition. 

Up  to  this  point,  it  is  not  possible  to  conclude  which  plastic  deformation  mechanisms 
are  involved,  because  the  transition  must  be  studied  by  means  of  other  techniques,  like 
TEM,  which  is  in  progress  in  the  present  time. 

Table  I 


Creep-law  parameters  determined  by  incremental  changes  during  deformation 


Interval  of  temperature 

Stress  exponent  (n) 

Activation  energy  (Q)  in  eV 

1400-1500°C 

5.4  ±0.4(5) 

8  ±  1(6) 

1500-1800°C 

2.8  ±0.2(3) 

5.7  ±0.5(13) 

In  parenthesis,  we  have  written  the  number  of  determination  considered  to  calculate  the  mean  value  of  the 
parameters  shown. 


4  CONCLUSIONS 

Creep  tests  done  in  21  mole%-Y-FSZ  allowed  us  to  say  that  the  deformation  mechanisms 
controlling  the  deformation  are  rather  different,  as  it  can  be  seen  from  the  values  measured 
for  the  activation  energy,  between  T>  1500°C  and  T  <  1500°C.  Comparisons  with  similar 
tests  made  for  lower  Yttria  concentration  Y-FSZ  have  been  done,  pointing  out  the  main 
coincidences  between  the  two  materials. 
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MICROSCOPICAL  STUDIES  OF  DISLOCATIONS 
AND  PLASTICITY  IN  DEFORMED  IONIC 
CRYSTALS 


M.  V.  NAZAROV  and  T.  A.  NAZAROVA 


Technical  University  of  Moldova,  277012,  Kishinev,  Moldova 

The  combination  of  scanning  electron  microscopy  (SEM),  cathodoluminescence  (CL)  and.  scanning  optical 
microscopy  (SOM)  with  a  computer-controlled  signal  detection  system  is  promising  in  the  study  of  deformed 
ionic  crystals.  The  present  experiments  were  designed  to  unite  many  image  processing  methods  in  scanning 
microscopies  and  to  clarify  the  structure  of  the  deformed  regions  around  the  indentation. 

Key  words:  microscopy,  cathodoluminescence,  microindentation,  MgO,  LiF,  KCl. 


1  INTRODUCTION 

Deformation  zones  in  indented  crystals  have  been  studied  rather  thoroughly  both 
theoretically  and  experimentally.^"^  However,  the  exact  interpretation  of  the  physical 
phenomena  in  different  zones  of  indentation  stage  is  still  open  to  discussion.  For  example, 
the  origin  of  the  luminescence  from  the  indented  zone  is  not  well  understood  and  has  been 
a  subject  of  controversy  over  the  last  decade.  Using  a  combination  of  SEM  and  SOM 
techniques,  new  experimental  information  about  CL  emission  and  other  phenomena  in  the 
different  zones  of  ionic  crystals  can  be  obtained. 


2  EXPERIMENTAL 

The  crystals  KCl,  LiF  and  MgO  having  the  NaCl  lattice  and  progressively  increasing 
hardness  (10^,  10^,  8  x  10^  MPa)  were  investigated  with  a  ‘JSM-50A’  SEM  having  an 
additional  multi-functional  attachment  in  the  form  of  optical  laserscan  and  computer  with 
digitizing  peripherals.  The  samples  were  deformed  by  the  Vickers  diamond  pyramid 
within  the  wide  range  of  indentor  load  from  0.5  N  to  5  N.  The  temperature  of  the 
indentation  was  changed  from  77  K  to  800  K.  Thus,  the  microhardness  values  of  the 
investigated  crystals  were  still  more  changed  giving  us  the  possibility  to  observe  their 
influence  on  the  feature  of  the  deformed  region  on  a  same  crystal.  He-Ne  laser  served  as  a 
source  of  coherent  light  in  SOM.  Scanning  was  realized  with  a  fixed  beam  and  shifting 
specimen  in  X  and  Y  coordinates.  The  laser  and  SEM  mode  scans  could  be  synchronized 
and  the  image  is  digitized  and  features  of  interest  on  the  image  may  be  selected  and 
measured  using  a  computer  and  specific  programmes.  Different  SEM  modes  of  this 
technique  have  been  used  to  investigate  deformed  zones  in  indented  ionic  crystals: 
secondary  electrons,  cathodoluminescence,  electron  beam  induced  current,  electron  beam 
induced  voltage,  and  also  both  polarized  and  transmitted  light  modes  in  SOM  including 
Y-modulation.  Recent  advances  in  computer  graphic  technology  have  made  possible  the 
visualization  of  three  dimensional  (3D)  data  through  various  modeling  and  reconstruction 
techniques. 
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3  RESULTS  AND  DISCUSSION 

The  destruction  zones  near  the  indentation,  intensely  damaged  regions  and  the  heavily- 
work-hardened  zones  were  revealed  and  measured.  The  temperature  displacement  of  the 
destruction  region  appearance  was  established. 

We  have  distinguished  two  types  of  the  CL  and  transmission  pictures.  Type  ‘1’  is 
characterized  by  the  decreasing  of  the  luminescence  area  and  the  transparency.  In  other 
cases  the  indentation  crater  became  dark  and  the  transparency  zone  is  a  lit  larger  than  the 
indentation  dimension  and  does  not  repeat  its  form  (type  ‘2’).  Type  ‘1’  is  characteristic  for 
comparatively  soft  specimen,  type  ‘2’  is  for  hard  ones.  Moreover,  it  is  not  important  how 
type  ‘r  or  type  ‘2’  has  been  achieved:  either  by  transition  from  soft  KCl  to  hard  MgO  in 
the  row  KCl-LiF-MgO  at  room  temperature  or  by  changing  the  temperature  of  the 
indentation  on  a  same  crystal. 

However  the  temperature  range,  where  the  range  of  the  CL  and  transmission  images 
takes  place,  is  higher  when  the  crystal  is  harder  at  room  temperature.  So,  for  LiF,  which 
has  an  intermediate  hardness  among  the  investigated  crystals,  this  conversion  is  observed 
in  the  temperature  range  (77-293  K),  while  for  the  hardest  MgO  such  a  transition  was 
discovered  in  a  higher  temperature  region  (293-800  K).  The  transition  point  for  the  softest 
KCl  was  not  achieved  in  the  studied  temperature  range.  Perhaps  it  could  be  found  in  a 
range  lower  than  77  K. 

The  dependence  of  CL  emission  on  indentation  conditions  (temperature  and  load)  was 
demonstrated.  A  temperature  rise  leads  to  a  visible  reduction  of  dislocations  or  annihilation 
of  anion  vacancies  when  annealed  to  800  K.  An  increase  of  load  results  in  an  increased 
concentration  of  point  defects  and  an  increase  of  luminescence  intensity. 

The  presence  of  CL  emission  in  the  UV  range  has  been  found  in  the  indentation  craters. 
Five  peaks  for  MgO  crystals  were  observed  in  the  short  wave-length  band  and  the 
dependence  of  their  intensity  on  coordinates  in  the  deformation  zone  was  demonstrated. 
The  difference  in  CL  spectra  apparently  is  consistent  with  the  formation  of  different  types 
of  luminescence  centers  generated  by  gliding  screw  and  edge  dislocations.  Spatial 
distribution  of  several  types  of  defects  has  been  sorted  out  and  visualized  in  3-D  computer 
graphics. 


4  CONCLUSION 

A  model  of  plastic  deformation  based  on  the  dislocation  loops  gliding  during  indentation 
was  proposed.  It  is  concluded  that  such  defects  as  F-centers  are  mainly  responsible  for  the 
CL  emission;  the  microindentation  process  in  ionic  crystals  is  mainly  governed  by 
dislocation  plasticity.  The  correlation  between  cathodoluminescent,  electric,  optical  and 
plastic  properties  of  deformed  crystals  was  established. 

The  techniques  of  complex  nondestructive  microscopic  investigation  provide  a  useful 
tools  to  understanding  the  feature  of  plastic  deformation. 
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Atomic  transport  of  oxygen  in  nonstoichiometric  oxides  is  an  extremely  important  topic  that  overlaps  science  and 
technology.  In  many  cases,  diffusion  of  oxygen  controls  sintering,  grain  growth,  and  creep.  High  oxygen 
diffusivity  is  critical  for  efficient  operation  of  many  fuel  cells.  Additionally,  oxygen  diffusivities  are  an  essential 
ingredient  in  any  point  defect  model.  Secondary  ion  mass  spectrometry  (SIMS)  is  the  most  accurate  modem 
technique  for  measuring  oxygen  tracer  diffusion.  This  paper  will  briefly  review  the  principles  and  applications  of 
SIMS  for  the  measurement  of  oxygen  transport.  Case  studies  will  be  taken  from  recent  work  on  ZnO  and  selected 
high-temperature  superconductors. 


1  INTRODUCTION 

The  atomic  transport  of  oxygen  is  an  extremely  important  technological  and  scientific 
problem  that  is  best  illustrated  by  the  perovskite-structured  high-temperature 
superconductors.  These  compounds,  whether  they  are  La-Sr-Cu-0,  Y-Ba-Cu-O,  or 
Bi-Sr-Ca-Cu,  all  deviate  from  stoichiometry  by  the  formation  of  oxygen  ion  vacancies  that 
are  in  equilibrium  with  oxygen  partial  pressure  (P02)  and  temperature.  From  a 
technological  standpoint,  stoichiometry  is  important  because  the  superconducting 
transition  temperature  is  very  sensitive  to  stoichiometry.  The  time  and  temperature 
required  for  complete  oxygenation  is  determined  by  oxygen  diffusion  kinetics,  generally 
chemical  diffusion  that  can  be  related  to  tracer  diffusion  via  the  thermodynamic  factor. 
Oxygen  vacancies  and  interstitials  are  the  minority  defects  in  many  nonstoichiometric 
ionically  bonded  oxides,  e.g.,  NiO,  CoO,  MnO,  etc.  Therefore,  technologically  important 
processes  such  as  sintering  and  grain  growth  in  these  materials  are  controlled  by  oxygen 
diffusion.  Furthermore,  no  defect  model  can  be  complete  without  an  understanding  of  both 
the  minority  and  majority  defects. 

Early  measurements  of  oxygen  diffusion  were  made  by  exchange  techniques  (see,  for 
example,  Ref.  1),  which  presented  many  difficulties  in  use  and  interpretation.  This 
technique  usually  involves  the  measurement  by  a  mass  spectrometer  of  the  amount  of 
exchanged  for  in  a  sample  in  a  reaction  chamber,  and  as  such  is  an  integral  technique 
in  which  the  boundary  conditions  are  poorly  defined.  For  the  last  two  decades,  a  powerful 
technique,  dynamic  secondary  ion  mass  spectrometry  (SIMS)  has  been  available  (see,  for 
example.  Ref.  2).  SIMS  has  allowed  quite  accurate  and  relatively  rapid  direct  depth 
profiling  of  an  concentration  profile  setup  by  a  diffusion  anneal  in  quite  small  samples. 
In  fact,  oxygen  diffusion  in  the  a-,  b-,  and  c-direction  of  1  x  1  x  0.1  mm  single  crystals  of 
YBa2Cu307_5  have  been  measured.^  The  theoretical  depth  resolution  of  SIMS  is  of  the 
order  of  a  lattice  parameter. 

This  paper  will  discuss  the  SIMS  technique  and  its  application  to  a  variety  of  oxides.  In 
particular,  recent  results  for  single-crystal  ZnO  will  be  presented  and  compared  to  older 
results  obtained  using  exchange  techniques,  proton  activation,  and  SIMS.  Recent  results 
on  all  of  the  high-temperature  superconductors  will  be  presented,  with  particular  emphasis 
on  the  relationship  between  the  anisotropy  of  oxygen  diffusion  and  crystal  structure. 
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2  SIMS  TECHNIQUE 

This  article  is  written  for  scientists  interested  in  diffusion  rather  than  for  SIMS  specialists. 
Details  may  be  found  in  the  book  by  Benninghoven,  et  al^  or  the  article  by  Lodding.^  The 
vast  majority  of  our  diffusion  profiles  have  been  measured  with  the  Cameca  model  IMS  3f 
or  5f  and  hence,  our  discussion  will  be  restricted  to  this  instrument.  Samples  are  polished 
and  subjected  to  a  prediffusion  anneal  in  normal  oxygen  at  the  temperature  and  P02  of  the 
diffusion  anneal.  Samples  are  then  encapsulated  in  quartz  capsules,  evacuated  and 
backfilled  with  95%  to  the  required  pressure,  and  subjected  to  a  diffusion  anneal.  After 
annealing,  the  diffusion  profiles  are  measured  by  SIMS. 

The  SIMS  process  includes^  bombardment  of  the  sample  surface  by  a  focused  beam  of 
primary  ions,  which  sputter  secondary  particles  from  the  outermost  layers  of  the  sample; 
mass-spectrometric  separation  of  the  ionized  secondary  species  (atoms,  molecules, 
clusters)  according  to  their  mass-to-charge  ratios;  and  collection  of  the  separated  secondary 
ions  as  quantifiable  mass  spectra  (usually  and  by  depth  profiling  or  line  scanning, 
or  as  images  of  the  sample  surface.  In  the  former  mode,  depth  profiling,  the  beam  is 
continually  rastered  over  a  fixed  area  on  the  sample,  and  a  set  of  counts  of  the  various 
masses  of  interest  is  obtained.  The  latter  mode,  line  scanning,  is  used  when  the  penetration 
depth  is  greater  than  10  /^m.  In  a  line  scan,  a  taper  of  an  appropriate  angle  is  cut  into  the 
surface  of  the  sample  annealed  in  The  surface  is  scanned  in  steps  of  a  predetermined 
length. 

The  depth  of  the  crater  eroded  during  a  spot  scan  is  determined  by  a  profilometer,  and 
the  depth  of  each  channel  is  calculated  on  the  assumption  that  the  material  sputtering  rate 
is  constant  with  time.  The  depth  of  each  step  scan  is  determined  from  geometry  of  the 
wedge  measured  with  a  profilometer.  The  penetration  plot  (concentration  corrected  for 
0.02%  natural  background)  versus  depth  is  fitted  to  the  solution  to  the  diffusion 
equation,  with  the  appropriate  boundary  conditions,  to  calculate  an  oxygen  diffusivity. 

3  ZINC  OXIDE 

ZnO  is  the  major  constituent  of  a  technologically  important  class  of  devices  known  as 
varistors.  Polycrystalline  ZnO  containing  many  additives  is  used  in  these  non-ohmic 
devices  which  have  a  resistance  that  is  nonlinear  with  applied  voltage  and  therefore  are 
used  as  protectors  against  voltage  surges.  While  the  utility  of  a  varistor  relies  on  its  grain¬ 
boundary  properties  and  the  effects  of  many  additives,  a  complete  understanding  of  the 
defect  chemistry  of  the  device  relies  on  both  grain-boundaiy  and  bulk  properties. 
The  tracer  diffusion  of  oxygen  is  an  important  ingredient  in  this  picture.  Figure  1  indicates 
the  status  of  oxygen  tracer  diffusion  studies  in  ZnO  single  crystals.  The  discrepancies  are 
alarming. 

The  first  measurements  were  made  by  a  gaseous  exchange  technique.^  An  extremely 
high  preexponential  factor  (6.5  x  10^^  cm^/s)  and  a  high  activation  energy  (7.2  eV/atom) 
were  reported.  A  similar  technique  was  used  by  Hoffman  and  Lauder,  who  reported  a 
preexponential  of  1.05  x  10^  cm^/s  and  an  activation  energy  of  4.2  eV/atom.^  The 
exchange  technique  is  subject  to  many  drawbacks  and  does  not  directly  measure  a 
concentration  profile.  In  addition,  recent  experiments  in  our  laboratory  have  shown  that 
evaporation  of  ZnO  during  a  diffusion  anneal  at  >  1000°C  is  a  significant  problem.  Robin 
et  al?  used  a  proton  activation  technique  in  which  a  sample  was  annealed  in  This  was 
followed  by  activation  of  the  by  protons  in  an  ^^0(p,  a)^^N  reaction.  The  penetration 
plot  was  constructed  by  measuring  the  corresponding  a-particle  spectrum.  The  resulting 
preexponential  was  1.2  x  10"^®  and  the  activation  energy  was  1.28  eV/atom.  Finally  in 
1980,  Sockel  et  al}^  used  a  SIMS  technique  to  obtain  depth  profiles  and  hence  oxygen 
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FIGURE  1  Arrhenius  plot  of  oxygen  diffusivity  in  ZnO. 


diffusivities.  These  authors  evidently  accounted  for  evaporation,  but  the  details  were 
sketchy  and  no  preexponential  factor  was  quoted;  the  activation  energy  was  close  to  that 
obtained  by  Hoffman  and  Lauder.^  Therefore,  as  part  of  an  investigation  into  point  defects 
in  ZnO,  we  are  measuring  ^^0  diffusion. 

In  our  first  experiments,  a  small  ZnO  single  crystal  was  annealed  at  1 100  and  1200°C  in 
a  quartz  capsule  backfilled  with  ^^O.  Weight-loss  measurements  indicated  that 
evaporation,  as  expected,  was  significant.  The  penetration  profiles  could  be  fitted  to  a 
solution  of  the  diffusion  equation,  which  considered  a  moving  boundary,  Vt,  where  V  was 
the  experimentally  determined  evaporation  rate  in  cm/s  and  t  was  the  time  of  the  diffusion 
anneal.  However,  the  diffusivity,  D,  was  very  sensitive  to  the  choice  of  V,  which  could 
depend  on  the  crystal  orientation  and  would  therefore  be  difficult  to  measure. 

For  these  reasons,  a  series  of  experiments  have  been  undertaken  to  limit  evaporation  by 
using  a  container  with  a  tight-fitting  top  made  from  polycrystalline  ZnO  annealed  for  a 


FIGURE  2  Penetration  plot  measured  for  a-direction  of  ZNO  annealed  115.7  h  at  1040°C.  Open  circles  are 
experimental  data;  dotted  line  is  a  fit  to  a  single  complementary  error  function  solution;  solid  line  is  a  fit  for  the 
changing  surface  concentration  solution. 
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long  time  in  Initial  measurements  indicate  that  this  is  an  effective  means  to  reduce 
evaporation.  A  profile  measured  after  a  diffusion  anneal  in  the  a-direction  for  115.7  hr  at 
1040°C  is  shown  in  Figure  2.  The  shape  of  the  penetration  plot  indicates  that  the  boundary 
condition  of  an  infinite  source  of  that  leads  to  a  C  =  Coerfc{x/2y/^t)  solution  to  the 
diffusion  equation  is  not  valid,  as  shown  by  the  dotted  line.  In  this  solution,  C  is  the 
concentration  of  Q  is  the  surface  concentration,  x  is  the  depth,  t  is  the  time  of  anneal, 
and  D  is  the  diffusivity.  We  believe  that  the  in  the  ZnO  container  was  not  fully 
exchanged  by  Therefore,  we  have  used  a  solution  of  the  diffusion  equation  that 
accounts  for  the  changing  surface  concentration. 


C  =  Coerfc{x/2y/^)  —  ^xp{—x‘^/4:Dt)  —  ™^^er/c(a;/2\/Df)^ 


in  which  it  is  assumed  that  the  surface  concentration  changes  by  diffusion  as 
C(0,  r)  =  Co  -  where  k  is  a  constant.  This  solution  is  shown  as  the  solid  line  in 
Figure  2  and  yields  a  D  =  4.8  x  10“^^  cm^/s,  quite  close  to  the  value  reported  at  the  same 
temperature  by  Socket  et  al}^  Further  experiments  are  in  progress  to  explore  whether  this 
procedure  will  lead  to  the  correct  oxygen  diffusivity  in  ZnO. 


4  HIGH-TEMPERATURE  SUPERCONDUCTORS 

Diffusion  of  oxygen  in  high-temperature  superconductors  is  scientifically  and  technolo¬ 
gically  important.  The  critical  transition  temperatures  are  very  sensitive  to  the 
stoichiometry,  which  in  turn  is  controlled  by  oxygen  diffusion.  The  field  of  oxygen 
mobility  in  the  high-temperature  perovskite-structure  cuprate  superconductors  is  vast. 
Recent  reviews  of  all  aspects  of  oxygen  diffusion  are  available. In  this  report,  we  will 
merely  illustrate  the  technique  and  the  importance  of  oxygen  diffusion  measurements, 
using  some  results  from  high-temperature  superconductors. 

An  Arrhenius  plot  of  the  oxygen  diffusion  coefficient  measured  in  poly  crystalline 
YBa2Cu307_5  (1  :  2  :  3)  at  P02  =  10^  Pa  is  presented  in  Figure  x^ese  data 

represent  diffusion  in  the  <3^-plane.  The  highly  anisotropic  diffusion  between  diffusion 
along  the  c-axis  and  in  the  <2Z)-plane  leads  to  complications  in  the  data  analysis,^’^^  but  the 
agreement  between  the  two  sets  of  experiments  performed  on  different  ceramic  samples  is 
considered  to  be  quite  reasonable,  as  is  the  reproducibility  at  a  given  temperature.  The 
activation  energy  for  diffusion  in  the  ^3fZ?-plane  is  0.97  eV/atom.^^ 


1/T[1/K] 


FIGURE  3  Arrhenius  plot  of  oxygen  diffusivity  in  polycrystalhne  1:2:3  at  P02  =  10^  Pa.  Points  are  taken  from 
Rothman  et  while  solid  line  is  from  Sabras  et  al.^‘^ 
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FIGURE  4  Arrhenius  plot  of  oxygen  diffusion  data  measured  for  polycrystalline  1:2:4  (circles)  and  c-axis 
crystals  (triangles)  compared  to  polycrystalline  1:2:3.^^ 

The  results  obtained  from  oxygen  diffusion  studies  shown  (Figure  3),  combined  with 
results  measured  in  single  crystals  of  1  :  2  :  3,2,15, 16  ^g  suggestion  that 

diffusion  in  the  aZj-plane  of  1  :  2  :  3  is  controlled  by  the  motion  of  a  modified  interstitial, 
while  diffusion  along  the  c-axis  takes  place  via  an  oxygen  vacancy  mechanism.^  Support 
of  these  suggested  mechanisms  was  obtained  from  oxygen  diffusion  experiments  on  a 
structural  variant  of  YBa2Cu307_5,  1  :2\  AP  The  results  are  shown  as  an  Arrhenius  plot 
(Figure  4).  Diffusion  in  ab-^\2cn&  1  :  2  :  4  is  much  slower  than  a^-diffusion  in  1  :  2  :  3  and 
is  characterized  by  an  activation  energy  of  2.08  eV/atom  and  a  higher  preexponential.  The 
results  were  interpreted  as  suggesting  fiiat  diffusion  in  the  cf^-plane  of  1  :  2  :  4  occurs  via  a 
vacancy  mechanism.  The  fact  that  diffusion  along  the  c-axis  is  slower,  with  a  higher 
activation  energy  than  oxygen  diffusion  in  the  aZ?-plane,  is  a  consequence  of  the  structure 
and  of  the  high  energy  of  formation  of  oxygen  vacancies  occupying  non-CuO-planes.^^ 
The  situation  is  similar  in  the  two  Bi-Sr-Ca-Cu-0  superconductors  in  which  oxygen 
diffusivity  has  been  measured,  i.e,,  2201  and  2212,  as  may  be  seen  from  Figure  5.  Oxygen 
diffusion  is  highly  anisotropic,  with  diffusion  in  the  polyciystalline  2212  being 
considerably  faster  and  having  a  lower  activation  energy  (0,93  eV/atom)  than  diffusion 
along  the  c-direction  of  a  2212  single  crystal  characterized  by  a  much  higher 
preexponential  and  a  higher  activation  energy  (2.20  eV/atom).^*  The  oxygen  diffusion 
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FIGURE  5  Arrhenius  plot  showing  oxygen  diffusion  in  c-direction  in  Bi2Sr2CaCu20x  (triangles)  and 
Bi2Sr2CuOx  (circles)  compared  to  diffusion  in  polycrystalline  Bi2Sr2CaCu20x  (solid  line). 
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coefficient  in  polycrystalline  2201  is  almost  identical  to  that  in  polycrystalline  2201,^^  and 
diffusion  in  the  c-direction  is  a  factor  of  ^4  slower  than  in  the  2212  (Figure  5).  Therefore 
it  is  clear  that  in  all  of  the  superconductors,  diffusion  in  the  a^-plane  and  in  the  c-direction 
occurs  by  different  mechanisms. 

5  SUMMARY 

We  have  reviewed  how  SIMS  is  used  to  measure  the  tracer  diffusion  of  oxygen  in  oxides. 
The  results  have  been  illustrated  by  two  contemporary  problems:  ZnO,  used  by  the 
electronic  industry  as  varistors,  and  high-temperature  superconductors.  Measurements  of 
oxygen  diffusion  and  their  incorporation  into  point-defect  models  will  continue  to  play  an 
important  role  in  the  development  of  most  ceramic  oxides.  For  example,  an  electrode  for  a 
solid  oxide  fuel  cell  must  have  a  high  oxygen  diffusivity  as  well  as  a  high  ionic 
conductivity.  Recent  efforts  have  concentrated  on  nonstoichiometric  perovskite-structure 
oxides  and  have  not  only  identified  potential  materials,  but  have  increased  our 
understanding  of  the  relationships  between  selective  doping  and  oxygen  diffusivity.^® 
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OXIDES 
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Pierre  et  Marie  Curie,  11  rue  Pierre  et  Marie  Curie,  75321  Paris  Cedex  05,  France 

In  this  paper,  we  discuss  the  effects  of  the  defect  interactions  on  the  thermodynamic  properties  and  electronic 
transport  of  nonstoichiometric  oxides.  We  first  show  that  two  limited  thermodynamic  behaviours  can  be 
distinguished  depending  on  whether  the  oxide  has  a  metallic  type  electronic  conduction  or  a  hopping  electronic 
conduction.  In  die  first  case,  the  interactions  are  expected  to  be  short  ranged  because  of  the  screening  of  the 
conduction  electrons,  while  they  are  Coulombic  in  the  second  case.  This  paper  is  limited  to  this  last  case, 
exemplified  mainly  by  Mi_xO  (M  =  Co,  Mn,..)  cubic  oxides. 

Next,  we  analyse  the  two  approximated  methods  usally  used  in  this  field,  the  ideal  mass  action  law  method  and 
the  Debye  Hiickel  theory,  and  we  show  that  they  are  both  insufficient  to  accurately  describe  these  compounds.  We 
finally  show  by  means  of  Monte  Carlo  simulations  that  a  simple  model  in  which  point  defects  interact  through  a 
unique  dielectric  constant  allows  us  to  render  an  account  of  the  main  features  of  the  thermodynamic  and  electronic 
transport  properties  of  these  oxides. 

Key  words:  nonstoichimetry,  binary  metal  oxides,  defect  structure,  Monte  Carlo  simulations,  Statistical 
Thermodynamics. 


1  INTRODUCTION 

The  most  important  thermodynamic  functions  for  nonstoichiometric  oxides  (NSO)  are 
AG(02)  and  AH(02),  respectively  the  molar  free  energy  and  enthalpy  of  mixing  of 
oxygen.  As  a  matter  of  fact,  these  quantities  can  generally  be  experimentally  determined  as 
functions  of  both  composition  and  temperature.^  AG(02)  is  determined  from  the 
measurement  of  the  equilibrium  oxygen  partial  pressure  PO2  with  which  it  is  related 
through  the  relation: 

AG(02)  =  RTLogPOi 

AH(02)  can  be  determined  either  by  differentiation  of  AG(02)/T  with  respect  to  inverse 
temperature  at  constant  composition: 

AHO2  =  a(AG(02)/T)/a(l/T) 

or  directly  by  high  temperature  microcalorimetry. 

At  thermodynamic  equilibrium,  the  nonstoichiometry  is  generated  by  the  presence  of 
atomic  point  defects  (we  do  not  consider  here  extended  defects  as  shear  planes  in  WO3  for 
example).  These  defects  have  a  charge  balanced  by  the  presence  of  electronic  defects  of 
opposite  charge.  Two  extreme  behaviours  may  then  be  considered:  either  the  electronic 
defects  are  immersed  in  a  large  conduction  band  (TiO,  VO,  solid  solutions  of  oxygen  in 
transition  metals,  .  .)  or,  they  are  localized  on  the  cations  which  then  change  their  valence 
(CoO,  MnO,  FeO,  Ce02,  UO2,  .  .)• 
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DEPARTURE  FROM  STOICHIOMETRY 


FIGURE  1  Schematic  variations  of  AH(02)  vs.  departure  from  stoichiometry 

a)  metallic  system 

b)  ionic  system. 


In  the  first  case,  due  to  the  screening  of  conduction  electrons,  the  interactions  between 
atomic  defects  are  limited  to  short  range.  One  can  often  assume  that,  at  least  to  first 
neighbours,  the  interactions  are  much  greater  than  kT  (blocking  site  scheme).  AH(02)  is 
then  constant  for  small  x  and  then  increases  when  more  distant  interactions  are  acting 
(see  Figure  la).  This  behaviour  is  observed  particularly  in  solid  solutions  of  oxygen  in 
transition  metals. 
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FIGURE  2  The  oxygen  pressure  and  the  partial  molar  enthalpy  of  oxygen  as  functions  of  the  departure  from 
stoichiometry  and  the  dielectric  constant. 


In  the  second  case,  one  has  principally  to  handle  long  range  Coulomb  interactions 
between  two  types  of  defects  (atomic  and  electronic)  of  opposite  charges.  Let  us  note  that 
the  dielectric  constant  is  small  (e  =  13  at  room  temperature  for  CoO)."*  For  small  value  of 
X,  the  Debye-Hiickel  theory^  shows  that  the  first  significant  correction  of  the  total  energy 
according  to  the  ideal  solution  is  proportional  to  AH(02)  therefore  varies  as 
(see  Figure  lb).  This  is  what  is  observed  for  a  number  of  partially  ionic  oxides  (see 
reference  1,  6  and  references  therein).  Only  this  case  will  be  considered  in  the  following. 

The  direct  conclusion  of  this  rapid  analysis  is  that,  in  partially  ionic  oxides,  the 
interactions  have  an  important  effect  even  and  particularly  for  small  ranges  of 
nonstoichiometry. 


2  APPROXIMATED  METHODS 

Two  analytical  methods  are  usually  used  for  the  study  of  the  nonstoichiometry  and  related 
properties  in  ionic  oxides,  the  ideal  mass  action  law  (IMAL)  method  developed  by 
Kofstad^  and  the  Debye-Hiickel  (DH)  theory.^  From  the  foregoing,  it  seems  that  the  DH 
model  is  well  adapted  for  this  purpose.  Unfortunately,  this  method  has  to  be  confined  to 
very  small  departures  from  stoichiometry  (<  1  x  10“^  in  CoO).® 
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FIGURE  3  log  X  as  function  of  log  PO2  and  the  partial  molar  enthalpy  of  oxygen  as  a  function  of  the  departure 
from  stoichiometry  for  Coi_xO. 


The  IMAL  method  is  actually  the  most  often  used.  In  this  formalism,  several  varieties 
of  defects  are  simultaneously  considered  and  are  assumed  non  interactive  and  randomly 
distributed,  one  type  of  defect  being  predominant  in  a  particular  PO2  range.  Some  of  these 
defects  are  complex  ones,  made  of  the  association  of  elementary  point  defects.  In  the  case 
of  Mi_xO  cubic  oxides,  metal  vacancies  in  different  states  of  ionization  are  usually 
invoked.  Thus,  a  single  ionized  vacancy,  V',  is  made  of  a  vacancy  with  two  minus  charges, 
V",  with  an  electronic  hole,  h‘,  in  its  immediate  vicinity,  and  may  be  represented  by  the 
cluster  {V",  h’}.  In  the  same  way,  a  neutral  vacancy,  V^,  may  be  represented  by 
{V",  2h  }.  This  clustering  is  a  way  to  partly  take  into  account  the  attraction  between 
vacancies  and  free  holes  of  opposite  charges.  On  the  contrary,  repulsive  interactions 
between  vacancies  on  one  hand  and  free  holes  on  the  other  hand  are  ignored.  Some  authors 
consider  in  addition  the  existence  of  vacancy  clusters  such  as  the  so-called  4  :  1  cluster 
predicted  by  theoretical  calculations,^  In  fact,  there  is  much  evidence  against  the  existence 
of  these  clusters  at  least  in  the  vicinity  of  stoichiometry.^^  The  reliability  of  the  IMAL 
formalism  has  been  investigated  very  recently.  It  has  been  shown  that  its  range  of 
application  is  limited  to  the  case  where  the  interactions  are  not  too  large,  therefore  e  not 
too  small  (typically  e  >  11)  and  for  moderate  departures  from  stoichiometry  i.e.  neither 
too  small  nor  too  large.  As  a  matter  of  fact,  close  to  the  stoichiometry  there  are  not  enough 
charged  defects  to  screen  the  interactions  and  too  far,  the  interaction  between  vacancies 
begin  to  play  a  noticeable  role. 
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FIGURE  4  Comparison  of  calculations  with  experimental  determination  of  the  electronic  mobility  and  the 
activation  energy  as  functions  of  the  departure  from  stoichiometry  for  Coi_xO. 
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As  a  conclusion,  neither  of  these  two  approximated  methods  is  really  satisfactory.  The 
only  way  to  rigorously  handle  Coulomb  interactions  is  to  perform  Monte  Carlo 
simulations.  This  is  the  subject  of  the  next  section. 


3  MONTE  CARLO  SIMULATIONS 
3.1  Thermodynamic 

The  numerical  methods  used  in  our  calculations  have  been  described  in  detail  elsewhere 
and  therefore,  are  not  reported  here.  The  important  point  is  that  we  only  consider 
elementary  interactive  point  defects:  metal  vacancies  with  two  minus  charges  and  electron 
holes  localized  on  cations.  Within  a  nonstoichiometry  range  sufficiently  small,  say 
X  <  5  X  10“^,  Coulomb  interactions  strongly  prevail,  whereas  for  greater  departures  short 
range  interactions  have  to  be  added  to  take  into  account  covalent  effects.  The  dielectric 
constant  e  is  taken  as  an  adjustable  parameter  for  a  given  oxide. 

In  the  Figure  2  are  reported  the  dependence  of  logP02  and  AH(02)  on  x  calculated  in  a 
pure  electrostatic  model  with  various  values  of  e.  Let  us  note  that  our  results  are  known 
within  a  constant  and  that  only  the  variations  of  these  quantities  are  significant.  We  have 
also  reported  some  experimental  data  related  to  CoO  and  MnO.  Qualitatively,  one  can  see 
that  the  experimental  behaviour  of  these  oxides  is  well  reproduced  with  our  model,  e  =  20 
corresponding  to  CoO  and  e  —  17  to  MnO.  However  it  can  be  shown  that  the  agreement  is 
less  good  for  AH(02)  than  for  logP02.  The  reason  is  that  AH(02)  is  more  sensitive  to 
short  range  interactions  which  have  to  be  added  to  improve  the  model.  This  is  illustrated  in 
the  Figure  3  which  shows  results  on  CoO.  Here,  a  short  range  attraction  of  -2  .5  kJ  mol"^ 
between  vacancies  and  holes  first  neighbours  has  been  added  in  the  calculations.  The 
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agreement  is  now  very  satisfactory  for  both  the  thermodynamic  functions. 

3.2  Electrical  Conductivity 

The  interaction  parameters  evaluated  from  the  previous  thermodynamic  analysis  have  been 
used  to  study  the  electronic  conductivity  of  CoO  in  a  frame  of  a  simple  hopping  model. 
Our  model  assumes  that  electronic  holes  are  trapped  in  potential  wells,  the  height  of  which 
is  the  sum  of  two  terms:  one  which  is  unknown  but  composition  and  temperature 
independent,  and  another  one  which  is  equal  to  the  opposite  of  the  interaction  seen  by  the 
trapped  hole.  This  interaction  is  of  course  different  for  every  polaronic  site.  In  this  way, 
even  before  performing  any  calculation,  it  may  be  easily  understood  that  the  strong 
increase  of  electrostatic  interactions  as  the  departure  from  stoichiometry  increases  causes 
both  a  decrease  of  the  hole  mobility  and  an  increase  of  the  related  activation  energy.  As  it 
will  be  seen  further,  these  features  are  in  agreement  with  experiments.  The  electrical 
conductivity  is  calculated  by  Monte  Carlo  simulations  from  the  relation: 

cr  =  A  E  (12  ~  L)  exp(Eint/RT) 

Nh- 

The  sum  runs  over  the  number  of  holes.  L  is  the  number  of  cations  sites  surrounding  a  hole 
and  already  occupied  by  a  hole  (therefore  not  accessible  to  a  new  hole).  Eint  is  the 
interaction  energy  on  the  polaronic  site.  The  coefficient  A  takes  the  form: 

A  =  C/T  X  exp(~E/RT) 

where  C  and  E  are  constants.  At  a  given  temperature,  the  composition  dependence  of  the 
mobility  is  caused  by  the  variation  of  the  factor: 

f  =S(12-L)exp(Ei„,/RT) 

h 

The  activation  energy  has  been  evaluated  by  using  the  Arrhenius  law.  The  results  of  the 
calculations,  compared  with  some  experimental  data  are  reported  in  Figure  4  in  arbitrary 
units.  Our  calculations  providing  only  relative  values,  we  have  to  use  a  reference  value. 
We  have  chosen  at  x  =  7  x  10“^,  the  value  100  for  the  mobility  and  0  for  the  activation 
energy.  In  spite  of  the  scattering  of  experimental  results,  the  trend  is  unambiguous:  the 
mobihty  strongly  decreases  while  the  activation  increases  as  x  increases,  which  is  perfectly 
rendered  by  our  model. 


4  DISCUSSION  AND  CONCLUSION 

In  Mi_xO  cubic  oxides  (M  =  Co,  Mn, . .)  (as  also  in  Ce02-x^^),  the  nonstoichiometry  and 
related  properties  can  be  explained  by  considering  a  very  simple  point  defect  model.  The 
key  point  is  to  accurately  handle  the  interactions.  Only  Monte  Carlo  simulations  allows 
that  satisfactorily.  As  far  as  small  departures  from  stoichiometry  are  concerned,  these 
interactions  are  essentially  Coulombic.  As  and  when  the  departure  increases,  short  range 
interactions  have  to  be  added:  first,  attractive  between  atomic  and  electronic  defects  and 
then  repulsive  between  atomic  defects. 

The  only  disadvantage  of  the  Monte  Carlo  method  is  its  heaviness.  For  this  reason,  it  is 
useful  to  return  to  the  already  mentioned  approximated  methods  which  are,  on  the 
contrary,  very  simple  to  use.  This  is  all  the  more  interesting  because  exact  results  are  now 
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available. 

As  already  reported,  the  IMAL  formalism  has  been  analyzed  recently. Conceptually, 
the  taking  into  account  of  several  types  of  vacancies,  which  is  the  basic  idea  of  the  method, 
can  be  justified  by  the  observation  of  the  radial  distribution  functions  calculated  by  Monte 
Carlo.  As  a  matter  of  fact,  the  clustering  between  vacancies  and  holes  at  first  and  second 
neighbours  appears  to  be  quite  preponderant  over  more  distant  neighbours.  We  have  also 
shown  clearly  that  the  mass  action  constants  must  be  evaluated  by  considering  both 
enthalpic  and  entropic  contributions,  which  is  generally  omitted  in  a  number  of  works  and 
leads  to  erroneous  results.  Unfortunately,  the  IMAL  formalism  fails  when  the  dielectric 
constant  of  the  compound  is  too  low,  which  prevents  its  use  for  a  study  of  MnO  for 
example.  It  also  fails  for  very  small  departures  from  stoichiometry,  which  is  not  practically 
a  serious  drawback  as  experiments  are  generally  not  available  in  this  range  where 
impurities  play  an  essential  role.  More  serious  is  the  fact  that  the  formalism  fails  also  for 
departures  greater  than,  say  7  x  10“^,  because  it  is  impossible  to  introduce  vacancy- 
vacancy  interactions  (otherwise  to  consider  vacancy  clusters). 

Contrary  to  the  IMAL  method,  the  DH  theory  is  appropriate  to  the  study  of  small 
departures  from  stoichiometry.  Unfortunately,  its  applicability  is  reduced  to  very  small 
concentrations  of  charges.  The  physical  reason  is  that  the  ratio  Id/s,  where  Id  is  the  Debye 
length  (representing  the  order  of  magnitude  of  the  radius  of  the  ionic  cloud  around  a 
particular  ion)  and  a  the  mean  separation  between  two  ions  must  be  much  greater  than  1 . 
Then,  this  ratio  is  equal  to  1  for  x  =  4  x  10“^  in  Coi_xO.^  Nevertheless,  contrary  to  the 
case  of  liquid  electrolyte,  in  defective  solids,  the  method  seems  to  work  and  is  often  used 
beyond  this  physic^  limit.  However,  let  us  note  that  the  values  of  the  slope 
nx  =  (^logx/51ogP02)”^  calculated  by  this  method  are  rather  different  from  the  ones 
obtained  by  Monte  Carlo.®  Moreover,  this  method  also  does  not  allow  the  introduction  of 
short  range  order  interactions. 

To  conclude,  one  can  say  that  a  suitable  analytical  method  aimed  at  supplying  heavy 
Monte  Carlo  calculations  is  not  yet  available.  One  direction  may  be  adapt  the  cluster 
variation  method  (CVM)^^  used  in  the  case  of  short  range  interactions^^  to  long  range 
Coulomb  interactions. 


REFERENCES 

1.  R.  Tetot,  C.  Picard,  G.  Boureau  and  P.  Gerdanian,  Advances  in  Ceramics  Vol.  23  (1987). 

2.  G.  Boureau  and  P.  Gerdanian,  J.  Phys.  Chem.  Solids  45,  141  (1984). 

3.  R.  Tetot,  C.  Picard,  G.  Boureau  and  P.  Gerdanian,  /.  Chem.  Phys.  69,  326  (1978). 

4.  K.  V.  Rao  and  A.  Smakula,  J.  Appl.  Phys.  36,  2031  (1965). 

5.  J.  O’M.  Bokris  and  A.  K.  N.  Reddy,  Modern  Electrochemistry.  (Plenum  Press,  New  York,  1970). 

6.  C.  Picard  and  P.  Gerdanian,  J.  Phys.  Chem.  Solids  50,  383  (1989). 

7.  P.  Kofstad,  Non  Stoichiometry,  Diffusion  and  Electrical  Conductivity  in  Binary  Oxides  (Wiley- 
Interscience,  New  York,  1972). 

8.  R.  Tetot,  B,  Nacer  and  G.  Boureau,  J.  Phys.  Chem.  Solids,  55,  617  (1994). 

9.  S.  M.  Tomlinson,  C.  R.  A.  Catlow  and  J.  H.  Harding,  J.  Phys.  Chem.  Solids  51,  477  (1990). 

10.  D.  Schuster,  R.  Dieckmann  and  W.  Schweika,  Ber  Bunseges.  Phys.  Chem.  93,  1347  (1989). 

11.  R.  Tetot  and  G.  Boureau,  J.  Phys.  Chem.  Solids  55,  357  (1994). 

12.  R.  Tetot,  B.  Nacer  and  G.  Boureau,  J.  Phys.  Chem.  Solids  54,  517  (1993). 

13.  U.  Holsher  and  H.  Schmalzried,  Z.  Physik  Chem.  Neue.  Folge  139,  69  (1984). 

14.  C.  Picard  and  P.  Gerdanian,  J.  Sol.  St.  Chem.  11,  190  (1974). 

15.  I.  Bransky  and  J.  M.  Wimmer,  J.  Phys.  Chem.  Solids  33,  801  (1972). 

16.  G.  Boureau,  O.  Masmoudi  and  R.  T6tot,  Solid  State  Comm.  87  417  (1993). 

17.  B.  Fisher  and  D.  S.  Tannhauser,  J.  Chem.  Phys.  44,  1663  (1966). 

18.  N.  G.  Error  and  J.  B.  Wagner,  J.  Phys.  Chem.  Solids  29,  1597  (1968). 

19.  F.  Morin  and  R.  Dieckmann,  z.fur  Phys.  Chem.  N.  F.  129,  219  (1982). 


246/[1472] 


R.  TETOT  AND  G.  BOUREAU 


20.  G.  Petot-Ervas,  P.  Ochin  and  B.  Sossa,  Solid  States  Ionics  12,  111  (1984). 

21.  G.  Boureau,  O.  Masmoudi  and  R.  Tetot,  Solid  State  Comm.  79,  299  (1991). 

22.  R.  Kikuchi,  Phys.  Rev.  B81,  988  (1951). 

23.  R.  Tetot,  C.  Giaconia,  A.  Finel  and  G.  Boureau,  Phys.  Rev.  B48,  10090  (1993). 


Radiation  Effects  and  Defects  in  Solids,  1995,  Vol.  137,  pp.  247-250 
Reprints  available  directly  from  the  publisher 
Photocopying  permitted  by  license  only 


©  1995  OPA  {Overseas  Publishers  Association) 
Amsterdam  B.V.  Published  under  license  by 
Gordon  and  Breach  Science  Publishers  SA 
Printed  in  Malaysia 


DEFECT  PARAMETERS  FOR  RUBIDIUM  CHLORIDE 
FROM  IONIC  CONDUCTIVITY  MEASUREMENTS 


PATRICK  W.  M.  JACOBS  and  MARCIA  L.  VERNON 
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Canada 

The  ionic  conductivity  of  well-annealed  crystals  of  rubidium  chloride  and  of  RbCl  doped  with  or  ions 
has  been  measured,  using  an  automated  system,  over  a  wide  range  of  temperature,  generally  from  960  K  until 
precipitation  occurred.  Conductivity  data  were  analyzed  using  a  multiparameter  non-linear  least  squares  fitting 
program.  The  defect  model  used  allowed  for  the  possibility  of  Frenkel  defects  on  both  cation  and  anion  sub¬ 
lattices  and  the  association  of  cation  vacancies  with  divalent  cations  and  of  anion  vacancies  with  divalent  anions. 
Data  for  the  individual  crystals  were  analyzed  separately  and  a  consistent  set  of  defect  parameters  were  obtained. 


1  INTRODUCTION 

Previous  studies^ of  the  ionic  conductivity  of  NaCl  and  KCl  have  revealed  the  necessity 
of  including  anion  Frenkel  defects  in  the  defect  model  for  KCl  in  order  to  obtain  an 
accurate  representation  of  transport  data.  Though  the  possibility  of  contributions  from 
Frenkel  defects  to  ionic  transport  in  NaCl^  was  investigated,  such  contributions  appear  to 
be  too  small  to  have  noticeable  effects.  Theoretical  calculations  of  Arrhenius  energies  for 
NaCl,  KCl  and  RbCl^’"^  show  (i)  that,  while  Schottky  defects  are  the  majority  defects  in 
NaCl  and  KCl,  contributions  from  Frenkel  defects  should  be  significant,  at  least  in  KCl; 
(ii)  that  in  RbCl  a  much  stronger  contribution  from  interstitials  to  transport  processes  is  to 
be  expected.  Analysis  of  these  new  data  for  RbCl  will  show  that  insterstitials  make  an  even 
bigger  contribution  in  RbCl  than  in  KCl. 


2  EXPERIMENTAL  AND  RESULTS 

New  features  of  the  experimental  procedure  will  be  described  in  greater  detail  elsewhere."^ 
Suffice  it  to  say  here  that  the  crystals  were  grown  from  zone-refined  RbCl  which  had  a 
residual  divalent  cation  impurity  concentration  of  1.3-1. 9  ppm.  Nine  cleaves  in  all  were 
measured  and  analyzed,  three  each  of  pure  RbCl,  RbCkSr^"  and  RbCl:S^“.  The 
concentration  of  Sr^+  was  measured  by  ion  chromatography;  that  of  S^“  was  determined 
during  the  computer  fitting  procedure.  Crystals  were  mounted  in  a  specially-designed 
double  cell^  and  conductivities  measured  with  a  B905  Wayne-Kerr  Autobalance  bridge 
using  a  pre-set  T-cr  sequence  controlled  by  a  PC.  The  furnace  temperature  was  regulated 
by  a  Watlow  945  digital  controller  connected  to  the  PC. 

Arrhenius  plots  <j(T)  are  shown  in  Figure  1  for  three  pure  RbCl  crystals.  The  continuous 
curvature  observed  contrasts  with  the  classical  behaviour  of  NaCl  and  is  indicative  of  more 
than  one  transport  mechanism.  Figure  2  shows  the  ratio  of  the  conductivities  of  a 
RbCl:Sr^+  crystal  (cr)  and  a  pure  RbCl  ciystal  (ao  at  the  same  T.  The  initial  rise  in  a/uo  is 
due  to  the  decreasing  concentration  of  intrinsic  defects  with  fall  in  T;  the  maximum  and 
subsequent  decrease  in  cr/cjo  are  due  to  association. 
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FIGURE  2  Temperature  dependence  of  the  ratio  of  the  conductivity  of  a  RbCl  crystal  containing  45.4  ppm 
of  Sr2+  to  that  of  a  pure  RbCl  crystal  containing  1.3  ppm  residual  divalent  cation  impurity.  Points  show 
experimental  data  and  the  dash-dot  line  the  results  of  computer  fitting. 
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Table  I 

Defect  parameters  for  RbCl  from  analysis  of  ionic  inductivity  measurements,  k  =  association,  A  indicates  a 
migration  parameter,  c  =  cation,  a  =  anion,  v  =  vacancy,  i  =  interatitial,  S  =  Schottky,  F  =  Frenkel 


hs 

ss 

Ahcv 

AScv 

Ahav 

ASav 

hpc 

Spc 

Ahei 

2.52 

8.87 

0.661 

1.910 

0.720 

2.920 

3.457 

7.40 

0.208 

Asci 

hpa 

^Fa 

Ahai 

ASai 

hck 

Sck 

hak 

Sak 

5.60 

3.484 

9.55 

0.188 

6.72 

-0.592 

-2.85 

-0.872 

-3.05 

FIGURE  3  Arrhenius  plots  of  Rb  diffusion  in  pure  RbCl.  Q  Show  the  experimental  results  of  Arai  and  Mullen® 
and  the  four  lines  the  calculated  total  D,  and  contributions  to  D  from  vacancies,  interstitials,  and  cation  jumps 
into  vacancy  pairs. 


3  DISCUSSION 

The  defect  model  included  the  possibility  of  Frenkel  defects  on  both  sub-lattices  in 
addition  to  Schottky  defects.  The  calculated  conductivity^  was  compared  with  the 
measured  conductivity  at  each  temperature  and  the  defect  parameters  varied  systematically 
using  a  non-linear  least  squares  code  until  the  residual  sum  of  squares  was  minimized.  The 
procedure  followed  involved  fitting  the  data  for  the  set  of  three  cation-doped  crystals  first, 
then  those  for  the  set  of  anion-doped  crystals,  and  finally  those  for  the  pure  crystals.  This 
procedure  was  repeated  iteratively  until  constant  values  were  obtained  for  each  sample. 
The  values  within  each  set  were  averaged  and  finally  the  averages  for  the  three  sets:  cation- 
doped,  anion-doped  and  pure  crystals  were  calculated.  Within  each  set  cr  is  insensitive  to 
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certain  parameters  and  initially  these  were  held  constant,  but  eventually  all  parameters  had 
been  allowed  to  vary.  Initial  choices  for  the  energies  were  the  results  of  pair-potential 
calculations,  and  for  the  entropies  the  values  that  had  been  obtained  previously  for  KCl. 
Although  it  was  found  necessary  to  include  cation  Frenkel  defects  in  the  model,  the  fitting 
was  insensitive  to  small  variations  in  their  values  and  this  was  taken  to  imply  that  cation 
interstitials  are  present  only  in  low  concentration.  Final  defect  parameters  are  given  in 
Table  L  As  a  test  of  the  predictive  value  of  these  parameters  we  calculated  the  diffusion 
coefficients  D  of  Rb  and  Cl  as  functions  of  T  and  compared  the  results  with  experimental 
measurements  of  D.  That  for  Rb  is  shown  in  Figure  3,  which  gives  also  the  individual 
contributions  from  cation  vacancies,  vacancy  pairs  and  cation  interstitials,  the  latter  being 
about  1%  of  the  pair  contribution.  The  agreement  of  the  calculated  D  with  experiment  is 
excellent;  that  for  Cl  diffusion  in  RbCl  is  not  quite  as  good  but  still  quite  satisfactory. 
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The  effect  of  hydrostatic  pressure  on  the  ionic  conductivities  in  /3-PbF2  /^-Pbi_xM5['F2+(in_2)x  (where  M™  =  Na'*’, 
Cd**"^,  Tb'*'^,  U'*''*),  LaF3  and  Lai_xCaxF3_x  has  been  investigated  in  the  temperature  range  between  300  K  and 
700  K  for  pressures  up  to  0.25  GPa  (for  ;5-PbF2)  and  0.8  GPa  (for  LaF3).  The  activation  volumes  of  defect 
formation  and  migration,  impurity  defect  segregation  and  dissociation  were  determined  from  the  effect  of  pressure 
on  the  conductivity.  Keyes’  treatment  based  on  the  strain  energy  Zener  model  in  Griienisen  approximation  was 
used  to  estimate  theoretical  values  of  activation  volumes. 

Key  words',  superionic  conductors,  fluorides,  high  pressure  technique,  activation  volumes. 


1  INTRODUCTION 

Fluoride  crystals  based  on  fluorite-  and  tysonite  matrixes  are  very  perspective  classes  of 
superionic  conductors  with  predominant  anionic  conductivity.^ 

The  study  of  superionic  conductors  under  high  pressure  is  one  of  the  most  powerful 
approaches  for  elucidation  of  ionic  processes  and  electrophysical  properties  of  materials 
with  high  ionic  conductivity.  The  investigation  of  the  high  hydrostatic  pressure 
dependence  on  the  ionic  conductivity  gives  direct  information  about  the  elastic  volume 
relaxation  associated  with  the  formation  of  point  defects  (Schottky  and  Frenkel  type)  and 
more  complicated  lattice  defects  (clusters)  AVf  and  the  lattice  relaxation  accompanying 
the  diffusive  motion  of  these  defects  Since  the  Gibbs  free  energy  for  the 

conduction  process  can  be  expressed  as  AG  =  VdP  —  SdT,  a  characteristic  activation 
volume  can  be  obtained  from  the  pressure  dependence  of  AG: 

AV  =  {6/SG/6?\  (1) 

Employing  the  Arrhenius-type  equation  for  the  ionic  conductivity  on  the  basis  of  reaction 
rate  theory, 

a  ~  (Ne^a^i//kT)exp(-AG/kT)  (2) 

we  obtain  the  activation  volume 

AV  -  -kT(^ln (7T/(5P)tp  +  kT{6lnN&h^u/6P)r^  (3) 

where  N  is  the  number  of  ions  per  unit  volume,  e  is  their  electronic  charge,  u  is  the 

vibrational  (or  attempt)  frequency  of  the  mobile  species  and  a  is  the  jump  distance. 

The  first  term  is  obtained  directly  from  the  measured  pressure  dependence  of  the 
conductivity.  The  second  term,  which  is  usually  small  compared  with  the  first  one,  can  be 
evaluated  indirectly  from  the  compressibility  and  the  pressure  dependence  of  the  elastic 
constants.  In  the  extrinsic  region,  where  defects  are  not  being  produced  in  significant 
quantities,  only  the  activation  volume  of  defect  motion  is  observed,  so  that  AV  =  AV^.  In 
the  intrinsic  region  where  defects  are  both  created  and  moved,  AV  =  AVf/2  +  AV^. 
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FIGURE  1  Pressure  dependence  of  conductivity  for  (3  -  PbF2  —  NaF  and  P  -  PbF2  -  TbFa . 


2  EXPERIMENTAL 

Ruoride  oystals  /3-PbF2,  /3-Pbi_xM”F2+(m_2)x  (where  M”  =  Na+,  Cd+^  Tb+\  U+''), 
LaFs  and  Lai_xCaxF3_x  were  grown  by  Stockbarger-Bridgeman  technique.  A  hydrostatic 
pressure  environment  was  built  using  an  externally  heated  1.0  GPa  (10  kbar)  pressure 
apparatus  with  a  pressure  cell,  which  used  silicon  oil  as  the  pressure  transmitting  medium. 
The  pressure  was  determined  using  a  calibrated  manganin  gauge.  Complex  impedance 
measurements  were  performed  in  the  frequency  range  between  100  Hz  and  200  kHz.  The 
electrical  contacts  to  the  samples  were  made  with  graphite  on  platinum  (or  silver)  buttons. 
Two  samples  (pure  and  doped)  were  measured  simultaneously  in  a  specially  constructed 
sample  holder. 
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3  RESULTS  AND  DISCUSSION 

The  typical  experimental  data  for  the  pressure  dependence  of  the  conductivity  data  of 
^-PbF2,  doped  with  NaF  and  TbFs  are  shown  in  Figure  1.  At  each  temperature,  a 
decreases  as  P  increases  and  at  constant  T,  Iga  decreases  linearly  with  pressure.  The 
pressure  was  restricted  (~  0.2  GPa)  with  respect  to  the  to  Q:-PbF2  phase  transition.'^  The 
measured  AV  and  the  calculated  activation  volumes  AVcaic  for  the  investigated  single 
crystals  are  summarized  in  Table  I.  The  most  important  feature  of  the  results  in  Table  I  is 
the  fact  that  the  value  of  the  activation  volume  of  the  defect  formation  is  larger  than  the 
activation  volume  of  defect  migration.  For  P-PhFz  we  found  AVf  ~  3  AVm.  We  could  not 
estimate  AVf  for  LaFs,  because  the  temperature  in  the  pressure  apparatus  was  limited  to 
400°C.  The  formation  volume  AVf  can  be  especially  useful  in  determining  the  type  of 
disordering.  For  Schottky  disordering  the  ratio  should  be:  AVf/AVmoiar  >  1,  for  Frenkel 
disordering:  AVf/AVmoiar  <1-  In  the  case  of  PbF2  we  obtained  the  additional 
information  that  Frenkel  defects  are  predominant  in  this  crystal.  The  small  values  of 
activation  volumes  of  defect  migration  in  LaFa  conforms  that  LaFa-matrixes  are  veiy  good 
superionic  conductors.  Keyes’  treatment  based  on  the  strain  energy  Zener  model 
in  Gruneisen  approximation  AVcaic  =  2(7  -  1/3)yAH/(1  +  2/^(7  -  1/3)T),  where 
lf  —  0/x^v  W — ^thermal  expansion  coefficient,  Cy — specific  heat,  x — ^isothermal  com¬ 
pressibility,  AH — activation  energy  of  the  corresponding  processes  of  defect  formation 
and  migration,  obtained  from  analysis  of  electroconductivity  data)  can  be  used  for 
theoritical  estimation  of  activation  volumes.^  We  compared  (Table  I)  the  experimentally 
determined  activation  volumes  with  those  calculated  using  the  Zener  model.  T^e  results  of 
this  comparison  are  satisfactory  in  the  sense  that  AV  is  proportional  to  AVcaic-  It  is 
suggested  that  the  difference  between  measured  and  calculated  values  could  be  due  to  the 
temperature  dependence  of  the  compressibility.  Taking  into  account  the  temperature 
dependence  of  x,  it  should  be  possible  to  reduce  the  occurring  differences. 


Table  I 

Activation  volumes  AV  and  AVcaic 


Compound 

Process 

T 

(K) 

AH 

(eV) 

AV 

(cm^/mol) 

AVcaic 

(cm^/mol) 

AV/V,^c 

/3-PbF2 

Frenkel  defect  formation 

300-530 

1.04 

4.6 

4.9 

0.9 

Fluorine  vacancy  migration 

340-500 

0.22 

1.4 

1.1 

1.3 

Fluorine  interst.  migration 

325^35 

0.33 

2.4 

1.7 

1.4 

Dissociation  Na'^-Vp 

273-340 

0.24 

2.0 

1.2 

1.7 

Dissociation  Tb^^-Fj 

273-325 

0.34 

2.2 

1.7 

1.3 

,3-PbF2- 

Defect  migration 

285-335 

0.36 

1.1 

1.7 

0.65 

CdF2  (34  mol%) 

/3-PbF2- 

Defect  migration 

300-450 

0.34 

1.7 

1.7 

1.0 

UF4  (15  mol%) 

LaFa 

Defect  migration 

465-ti70 

0.30 

1.8 

1.6 

1.1 

LaFa- 

Defect  segregation 

273-325 

0.48 

2.8 

2.4 

1.2 

CaF2 

Dissociation  Ca^"'’— Vp 

325^65 

0.43 

2.2 

2.1 

1.05 

(1.2mol%) 

Defect  migration 

465-670 

0.31 

1.9 

1.6 

1.2 
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TRANSPORT  PHENOMENA  IN  ALKALI  HALIDE 
MIXED  CRYSTALS 
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We  have  investigated  the  enhancement  effect  on  the  transport  phenomena  in  solid  solutions  relative  to  the  pure 
end  members.  Only  single  crystals  and  measurements  carried  out  in  the  middle  of  the  intrinsic  range  have  been 
considered.  The  enhancement  effect  for  both  the  self  and  heterodiffiision  coefficients  reaches  a  factor  of  about  2 
around  the  middle  composition.  The  diffusion  data  are  analysed  in  terms  of  vacancies.  The  correlation  effects 
have  been  accounted  for  by  making  use  of  Manning’s  equations  for  vacancy  diffusion  in  random  alloys  via 
unbound  free  vacancies.  We  conclude  that  the  major  part  of  the  enhancement  originates  from  an  increase  of  the 
vacancy  concentration  relative  to  the  pure  end  members. 


Key  words:  Mass  transport,  mixed  crystals,  diffusion,  ionic  crystals. 


1  INTRODUCTION 

We  present  a  self  consistent  analysis  of  a  complete  set  of  atomic  diffusion  data  in 
monociystalline  alkali  halide  mixed  crystals.  In  order  to  obtain  intrinsic  data  that  can  be 
interpreted  in  terms  of  purely  thermodynamic  point  defects,  we  have  selected  some 
combinations  of  alkali  halides  that  give  solid  solutions  in  the  fiill  concentration  range  and 
for  which  exist  radioactive  tracers  for  the  three  constituent  ions.  These  conditions  have 
enabled  the  measurements  of  the  self-diffusion  coefficients  of  the  three  ions  as  a  function 
of  the  composition  for  at  least  one  given  temperature.  New  measurements  of  the 
heterodiffusion  coefficients  of  Na+  and  Rb*^  in  KClzBri_z  are  combined  with  previous 
data  for  the  self-diffusion  coefficients  of  the  three  host  ions  constitutive  of  the  solid 
solutions:  KClzBri_z[l],  KzRbi_zCl  [2]  and  K^Rbi-J  [3]. 


2  ANALYSIS  OF  EXPERIMENTAL  DATA 

A  detailed  account  of  the  experimental  results  is  being  published  in  a  complete  report  [4]. 
As  an  example,  the  composition  dependence  on  the  self-diffusion  coefficients  of  the  cation 
as  well  as  on  the  diffusion  of  Na"*”  and  Rb"*”  in  KClzBri_z  mixed  crystals  is  shown  as 
log(D*)-vs-(l-z)  on  Figure  1.  The  choice  of  the  logarithmic  scale  better  emphasizes  the 
influence  of  the  composition  whatever  the  magnitude  of  D*.  We  first  notice  that  there  IS  an 
enhancement  effect  of  the  mass  transport  in  the  solid  solution.  The  effect  is  maximum 
around  the  middle  composition  where  it  reaches  a  factor  of  about  2  as  compared  to  the 
weighted  average  in  the  two  end  compositions.  It  is  therefore  MUCH  LESS  import^t  than 
usually  reported  from  the  conductivity  data  in  non-crystalline  samples  [5].  Self  and 
heterodiffusion  via  vacancies  in  the  fee  lattice  are  both  expressed  by  the  general  equation: 

D*  =  4a^  f  a;  X  (1) 

with  a:  the  anion-cation  separation  distance  in  the  NaCl  structure,  f:  the  correlation 
factor,  uj:  the  jump  frequency ,  and  x:  the  mole  fraction  of  vacancies. 
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FIGURE  1  Self  and  heterodiffusion  coefficients  in  KCl^Bri-z  at  650°C. 


We  have  used  for  the  correlation  factor  the  expressions  proposed  by  Manning  [6]  in 
random  alloys.  In  this  model,  the  vacancy  has  no  preference  for  one  type  of  atom  over 
another.  When  both  tracer  diffusion  coefficients  and  D^*  can  be  measured  in  the  solid 
solution  AzBi_z,  the  corresponding  correlation  factors  are  then  given  by  the  unequivocal 
equations: 


f  r,  2Nb(D/-Db-) 

^  °[  Mo(NaD/+NbDb*). 


(2) 


fB=fc 


2Na(Da*  -  Db*) 

Mo(NaD/+NbDb 


where  fo  =  0.78  and  Mo  =  2  fo(l  -  fo)  ‘  =  7.15  in  the  vacancy  mechanism  in  the  fee 
lattice,  while  Na  and  Nb  are  the  mole  fractions  of  A  and  B  atoms,  respectively. 

At  the  Umit  Nb  0,  equations  (2)  and  (3)  take  the  limiting  forms:  fA  =  fo  and 


fs  =  fo 


(D/-Db*)' 
MoDa*  . 


(4) 
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FIGURE  2  Relative  excess  mole  fraction  of  vacancies  in  KClzBri_z. 


which  is  a  very  useful  expression  for  heterodiffusion  at  infinite  dilution,  as  long  as  D^*  and 
Dg*  are  not  too  different  in  magnitude. 

Originally,  these  expressions  involved  several  assumptions  and  were  believed  to  be 
restricted  to  concentrated  alloys.  The  computer  simulation  [7]  of  diffusion  in  binary  alloys 
gave  a  first  serious  indication  that  Manning’s  relation  could  be  used  with  more  confidence. 
Simultaneously,  Lidiard  [8]  gave  a  careful  analysis  of  Manning’s  equations.  He  showed 
that  under  certain  assumptions  the  theory  of  non  equilibrium  thermodynamics  led  to  the 
same  relations.  As  another  important  new  result,  those  analytical  relations  were  proved 
also  to  apply  at  both  dilute  limits  of  binary  alloys  [9]  when  applied  to  the  random  alloy 
model. 

The  self-diffusion  data  in  the  monoatomic  sublattice  are  first  considered:  K"*"  in 
KClzBri_z.  It  was  proved  [3]  that  the  major  cause  for  the  enhancement  effect  of  the 
transport  properties  is  due  to  the  increase  in  the  Schottky  defect  concentration.  The 
correlation  factor  in  eq.(l)  has  the  fixed  value  f  =  0.78.  The  relative  excess  vacancy 
concentration  is  thus  derived  from  eq,(l).  The  jump  frequency  u)t^+  is  fairly  well  known  at 
both  ends  of  the  diagramme:  z  =  1  or  pure  KCl;  [10]  and  z  =  0  or  pure  KBr  [11]  and  the 
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absolute  value  x  of  the  cation  vacancy  mole  fraction  is  finally  determined  as  a  function  of 
the  composition  z. 

The  anion  diffusion  coefficients  of  Cl“  and  Br”  in  the  mixed  anion  sublattice  are  then 
analysed.  The  anion  vacancy  mole  fraction  in  the  intrinsic  range  is  obviously  equal  to  the 
cation  vacancy  mole  fraction.  The  correlation  factors  fcr  and  fsr-  are  calculated  from 
eqs.(2)  and  (3).  The  jump  frequencies  of  exchange  of  the  vacancy  with  Cr  and  with  Br“ 
are  then  derived  from  eq.(l). 

Lastly,  the  heterodifftision  coefficients  of  Na*^  and  Rb+  are  decomposed  in  order  to 
obtain  the  jump  frequencies  of  foreign  ions  for  comparison.  The  correlation  factor  is  given 
the  limiting  form  of  eq.(4).  Finally,  one  gets  the  jump  frequencies  of  exchange  of  the 
vacancy  with  Na"^  and  Rb'*’  in  KClBri_z  as  a  function  of  z  from  eq.(l). 

The  relative  excess  vacancy  concentration  in  the  solid  solution  as  compared  to  the 
weighted  average  x  =  z  x  xkci  +  (1  —  z)xKBr»  namely  (x  -  x)/x  is  shown  in  Figure  2. 
Similar  diagrammes  are  obtained  in  KzRb(i_z)Cl  and  KzRb(i_z)L  [4]. 


3  CONCLUSION 

There  is  a  clear  enhancement  of  the  diffusivity  in  mixed  alkali  halides.  This  effect  is 
evident  on  the  self-diffusion  coefficients  in  both  sublattices  as  well  as  on  the 
heterodiffusion  coefficient  of  foreign  alkali  cations.  The  order  of  magnitude  of  this  effect 
in  the  intrinsic  range  reaches  a  maximum  of  about  a  factor  2  in  the  systems:  KCl-KBr,  KI- 
Rbl  and  KCl-RbCl  where  the  measurements  refer  to  single  crystals.  The  Nemst-Einstein 
relation  demands  that  the  enhancement  of  the  ionic  conductivity  should  be  of  the  same 
amount.  It  must  be  noted  on  the  contrary  that  much  larger  effects  have  been  reported  on  the 
ionic  conductivity  of  other  mixtures  of  alkali  halides  [5]  and  of  other  ionic  solids  [12]. 
However,  some  of  those  results  concern  low  temperature  data  (below  the  intrinsic/extrinsic 
transition  temperature)  and  pressed  pellets  instead  of  single  crystals.  One  cannot  exclude 
that  a  part  of  the  enhancement  is  of  extrinsic  or  intergranular  nature. 

Making  use  of  Manning’s  equations  to  account  for  the  correlation  effects,  we  have 
shown  that  it  is  possible  to  develop  a  self-consistent  analysis  of  the  whole  set  of  hetero-and 
self-diffusion  coefficients  and  found  that  the  major  part  of  the  enhancement  is  directly 
related  to  the  parallel  increase  in  the  free  vacancy  concentration  relative  to  the  pure  end 
members. 
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The  chemical  diffusion  of  oxygen  and  the  structure  of  the  electronic  defects  in  undoped  and  transition  metal 
doped  YSZ  single  crystals  have  been  investigated  by  a  contactless  relaxation  technique  and  magneto-optical 
resonance  (MCD(A))-studies.  The  local  structure  and  the  transport  properties  of  YSZ  (9.5  mol%  Y2O3)  are  inter¬ 
related  by  the  actual  defect  distribution  of  7-  and  6-fold  coordinated  Zr-defects  with  trigonal  symmetry  which 
mainly  originate  from  Zr  d-  conduction  band  tail  states  and  act  as  electron  traps. 

The  strong  interaction  between  the  ionic  and  electronic  transport  properties  can  be  quantitatively  explained  by 
a  modified  ambipolar  transport  model.  Experimentally,  the  diffusion  behaviour  of  oxygen  can  be  precisely 
followed  by  the  optical  relaxation  technique. 

Key  words:  Fast  Ion  Conductors,  Transport  Properties,  Chemical  Diffusion,  Magnetic  Resonance,  Optical 
Absorption. 


1  INTRODUCTION 

1.1  Exchange  Kinetics  of  Solid  Oxide  Ion  Conductors 

Within  the  class  of  high  temperature  materials,  the  ternary  compound  Zri_xYx02_x/2; 
X  ciii  0.16  (YSZ)  is  considered  a  prototype  fast  oxide  ion  conductor  with  important 
applications  (A-  probe  in  cars,  membrane  in  solid  oxide  fuel  cells,  etc.).  Despite  of  its 
technological  importance,  the  kinetics  of  the  oxygen  exchange  is  poorly  understood.  At 
high  temperature  this  quantity  should  be  mainly  controlled  by  the  bulk  diffusion  and, 
hence,  should  simply  depend  on  the  chemical  diffusion  coefficient  of  oxygen,  D.^ 
However,  the  experimental  D- values  strongly  deviate  from  the  expected  ones.  In  the 
following  we  present 

i)  D- values  of  transition  metal  doped  YSZ  crystals  obtained  by  a  contactless  measuring 
technique  (‘Optical  Absorption  Relaxation* )[ la]  and 

ii)  an  improved  theoretical  analysis  of  the  chemical  diffusion  in  oxides  in  the  presence  of 
redox-active  impurities,  here  transition  metal  ions  [lb]. 


1.2  Structural  Analysis  of  Defects  in  YSZ 
Due  to  the  substitution  reaction 

2  Zr^  +  -h  Y2O3  ^  2  Y^  -h  Vq  -h  2  Zr02  (1) 

rather  high  oxygen  vacancy  defect  concentrations  ([Vq]  1%)  are  achieved  in  yttria 

doped  zirconia.  However,  the  fast  oxygen  transport  in  this  material  does  not  only  depend 

^  according  to  the  classical  ambipolar  diffusion  theory  D  should  correspond  in  this  case  to  the  self  diffusion 
coefficient  of  the  respective  electronic  minority  charge  carrier,  De  (reducing)  or  Dh  (oxidizing  conditions). 
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FIGURE  1  (a)  Experimental  and  calculated  D- values  (full  and  dashed  lines)  of  transition  metal  doped  YSZ 

(«  0.1  wt%)  as  a  function  of  temperature  at  p02  ^10^  (Ni)  and  10“^^  Pa  (Ti,  Nb  and  Co). 

on  the  number  of  defects  but  also  on  their  arrangement  in  the  lattice.  The  vacancies  may 
be  distributed  randomly,  trapped  by  electrostatic  forces,  e.g.,  as  dopant  cation-vacancy  pair 
Vq,  or  orderded  by  thermodynamic  (long  range)  ordering.  In  the  latter  cases  the 
transport  properties  will  be  appreciably  modified  by  changes  in  the  carrier  mobility  and  the 
concentration  of  the  mobile  defects;  an  effect  which  is  most  clearly  seen  in  the  non¬ 
monotonic  increase  of  the  conductivity  with  the  nominal  vacancy  concentration  (a 
maximum  occurs  at  4  %). 

Concerning  the  local  structure,  the  introduction  of  oxygen  vacancies  into  the  cubic 
crystal  structure  of  YSZ  on  the  one  hand  causes  local  distortions,  i.e.,  fluctations  of  the 
M. .  .0  bondlength.  Consequently,  band-tailing  at  the  conduction  and  valence  band  edges 
should  be  discernible  just  as  in  non-crystalline  solids.  On  the  other  hand,  the  average 
coordination  number  of  the  metal  atoms  has  to  decrease  with  increasing  oxygen  vacancy 
content  favouring  7-  and  6-fold  coordinated  Zr-defects,  ZrO?  Vq  and  ZrOe  (Vo)2.  The 
distribution  of  ZrOg  structure  units  with  0,  1  and  2  oxygen  vacancy  defects  has  been 
studied  by  site  selective  spectroscopies  (Raman,  PAC,. . .)  using  rare  earth  ions  or  isotopes 
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FIGURE  1  (b) 

such  as  as  markers [2,  3,  4],  However,  the  clearest  information  about  these  defects 
arises  from  combined  optical  absorption  and  ESR-studies  on  irradiated  and  thermo- 
chemically  reduced  YSZ  [5,  6,  7,  8]. 

In  order  to  obtain  furdier  information  about  the  structure  of  these  defects,  multiple 
resonance  methods  (ENDOR  and  MCD(A))  have  been  applied  to  H2 -reduced  single 
crystals  (1300  K/24  h)  or  x-ray  irradiated  crystals  at  LHeT.  For  further  details  of  these 
experiments  and  the  determination  of  the  chemical  diffusion  coefficient  of  oxygen  the 
reader  is  referred  to  [1,  9]. 


2  RESULTS  AND  DISCUSSION 
2.1  Chemical  Diffusion  of  Oxygen  in  YSZ 

Under  high  oxygen  partial  pressures  (oxid.  conditions)  the  concentration  of  oxygen 
vacanciesCVg)  and  free  holes  (h  )  is  determined  by  the  variables  T,  P02  and  m 
(temperature,  oxygen  partial  pressure  and  doping  content)  via  the  mass  action  law  for  the 
oxygen  incorporation  reaction 
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FIGURE  2  Comparison  of  the  normalized  density  of  tail  states  with  the  normalized  conductivity  of  yttria  doped 
zirconia. 


l/2  02(g)+Vo  =  0^  +  2h-  (2) 

and  the  condition  of  local  electroneutrality.  Internal  valence  changes  due  to  the  trapping  of 
electronic  carriers-  by  transition  metal  impurities  or  by  intrinsic  defects-  are  caused  by 
ionization  reactions.  For  example,  in  the  case  of  Ni-doped  YSZ  (Ni-content  <  Y-content) 

N4^N4  +  h-  (3) 

Hence,  a  quantity  such  as  the  optical  absorbance  of  these  impurity  defects  can  be  used  as  a 
probe  of  the  local  chemical  potential  of  oxygen  during  re-equilibration.  According  to  eq.  3 
internal  source  and  sink  terms  influence  the  chemical  diffusion  process  requiring  a 
correction  of  the  classical  ambipolar  transport  model 

D  =  th  e  Dv  +  tv  Dh,e 

where  th,e  and  ty  denote  the  transference  numbers  of  the  electronic  charge  carriers  and 
vacancies;  Dy  and  Dh,e  represent  the  corresponding  diffusion  coefficients.  A  decrease  of 
the  diffusion  by  the  trapping  of  free  carriers  can  be  quantitatively  explained  by  introducing 
a  correction  factor  x  representing  the  differential  fraction  of  free  electronic  carriers 

6  =  th,e  Dy  -t-  X  tv  Dh,e 
or- 

^  for  YSZ  this  reduces  to  D  ~  Dh,e,  since  th,e  C  ty  1  and  Dh,e  >  Dy.) 


(4) 
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FIGURE  3  Temperature  dependence  of  the  MCD(A)-signal  of  H2 -reduced  yttria  stabilized  zirconia  (9.5  mol% 
Y2O3)  single  crystals.  * 


D  ^  X  Dh,e 


(5) 


in  case  of  fast  ion  conductors. 

As  discussed  more  detailed  in  ref  [1],  x  can  be  evaluated  from  defect  chemical  relations 
and  is  given  by 

(6) 

where  Ki  and  K2  are  the  mass  action  constants  of  the  above  reactions  (eqs.  2  and  3), 
Y  =  1/2  of  the  yttria  content  and  m  the  total  impurity  content  (here  Ni-doping  level). 

Experimentally,  the  diffusion  of  oxygen  in  YSZ  is  monitored  by  following  the  change 
in  the  normalized  optical  absorption  of  Ni^j.  after  a  sudden  poj  change  (‘Optical 
Absorption  Relaxation’).  Figure  1  a-b  displays  the  temperature  dependence  of  D  obtained 
in  transition  metal  doped  YSZ  in  the  oxidized  (Ni)  or  reduced  case  (Ti-,  Nb-  and  Co).  The 
solid  and  dashed  lines  represent  the  D-behaviour  according  to  eqs.  5  and  6  (and  their 
equivalents  in  the  case  of  reduction).  Since  the  ionization  equilibrium  (eq.  3)  shifts  to  the 
right  hand  side  with  temperature,  hole  (electron)  trapping  is  not  dominant  at  high 
temperature  and  the  absolute  value  of  D  approaches  Dh  and  Dg,  respectively. 

In  an  analogous  manner  the  strong  scatter  in  the  literature  values  for  the  chemical 
diffusion  coefficient  of  oxygen  can  be  analyzed  and  attributed  to  the  neglect  of  trapping 
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effects  (impurity  and  possibly  even  self  trapping,  especially  in  reduced  YSZ).  Although 
nominally  pure  materials,  the  drastic  differences  in  the  literature  D-values  very  likely  arise 
from  the  unintentional  doping  of  the  YSZ  which  -according  to  our  model-  typically  ranges 
from  about  50  ppm  to  500  ppm. 

2.2  Structure  of  Defects  and  Electrical  Transport  in  YSZ 

As  has  been  shown  in  ref.  [10],  the  density  of  band  tail  states  and  the  concentration  of 
oxygen  vacancy  defects  are  intimately  connected.  Furthermore,  the  close  correspondence 
between  the  electronic  structure  of  the  system,  especially  the  band  tailing  part,  and  the 
transport  properties  can  be  nicely  demonstrated  by  comparing  the  normalized  density  of 
tail  states  with  the  normalized  conductivity  -see  Figure  2. 

As  regards  the  structure  of  the  electronic  defects  in  YSZ,  our  first  MCD(A)  result  of  H2- 
reduced  YSZ  (1300  K  /48  h),  see  Figure  3,  essentially  agree  with  the  models  proposed  by 
refs.  [7,  6],  although  there  exist  some  inconsistencies  (more  than  two  types  of 
paramagnetic  defects  with  S  =  1/2  and  g-values  <  2  can  be  inferred  from  Figure  3). 
Deconvolution  of  the  signal  leads  to  3  gaussian  bands  with  energies  of  2.5,  2.8  and  3.3 
eV.  The  temperature  dependence  of  the  MCD(A)  proves  that  the  bands  originate  from  a 
paramagnetic  ground  state,  i.e.  arise  from  paramagnetic  defects-  see,  e.g.,  ref.  [11].  The 
latter  band  coincides  with  one  of  the  optical  bands  of  the  10  K  spectrum  [8])  which 
suggests  that  this  feature  arises  from  the  6-fold  coordianted  Zr^”^ -defect.  Similarly,  the 
second  MCD(A)-band  at  «  2.8  eV  can  be  tentatively  attributed  to  the  7-fold  coordinated 
Zr^^ -center.  Whether  the  third  MCD(A)-band  at  about  2.5  eV  arises  from  an  impurity 
center  (n  d^  (Ti,  Hf  ?)  or  n  f^ -state  (Ce  ?))  or  a  7-fold  coordinated  Zr^+-defect  with  lower 
than  trigonal  symmetry  can  not  be  decided  yet;  further  magnetic  resonance  studies  with 
0^^ -exchanged  samples  and  Ce-doped  single  crystals,  as  well  as  an  improved  chemical 
analysis  are  in  progress. 

2.3  Summary  and  Conclusions 

In  the  fast  oxide  ion  conductor  YSZ  the  local  structure  and  the  transport  properties  are 
interrelated  by  the  actual  defect  distribution  of  7-  and  6-fold  coordinated  Zr-defects  which 
mainly  originate  from  Zr  d-  (band  tail)  states  and  act  as  pre-formed  traps  for  electrons  (on 
reduction  these  defects  are  further  stabilized  by  the  lattice  polarization  energy  forming 
111-axialsymmetric  electron  centers). 

The  strong  interaction  between  the  ionic  and  electronic  transport  properties  can  be 
quantitatively  explained  by  a  modified  ambipolar  transport  model.  Experimentally,  the 
diffusion  behaviour  of  oxygen  may  be  precisely  followed  by  an  optical  relaxation 
technique. 

Besides  providing  a  clear  and  elegant  analysis  of  the  chemical  diffusion  in  fast  ion  and 
mixed  conducting  oxides,  the  modified  ambipolar  diffusion  approach  allows  a  simple 
quantification  of  an  electron  transport  influenced  by  reaction  coupling  between  free  and 
trapped  electronic  carriers  and  can  be  extended  to  other  wide  band  gap  materials  such  as 
nitrides  and  carbides  when  the  relevant  defect  chemical  parameters  (see  eqs.  2  and  3)  will 
be  available. 
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PHASE  TRANSITIONS:  THE  SIGNIFICANCE  OF  A 
CUBE  ROOT  LAW 
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Russia 

Here  we  discuss  a  phenomenological  approach  for  the  understanding  of  the  anomalous  point  defect  formation  in 
ionic  crystals  prior  to  the  phase  transition  as  well  as  the  prediction  of  the  phase  transition  temperatures. 
Quantitative  agreement  was  achieved  using  a  simple  cube  root  law  for  the  defect-defect  interaction  potential.  This 
approach  was  applied  to  materials  (AgCl,  AgBr,  Agl,  PbF2)  with  different  structures  (rock  salt,  fluorite,  wurtzite), 
different  types  of  disorder  (Frenkel  and  anti-Frenkel)  and  different  types  of  phase  transition  (solid-liquid  and 
solid-solid,  first  and  second  order).  The  computed  defect-defect  interaction  leads  to  a  quantitative  description  of 
the  conductivity  anomalies  and  to  the  prediction  of  a  phase  instability  at  a  temperature  which  is  very  close  to  the 
actual  transition  point. 

Key  words:  defect-defect  interaction,  phase  transition,  thermodynamics,  ionic  conductivity. 


1  INTRODUCTION 

For  many  ionic  crystals  the  dilute  defect  chemical  approach  fails  when  the  temperature 
approaches  the  phase  transition  point.  This  anomalous  defect  generation  is  easily  observed 
in  conductivity  experiments,  as  performed  on  silver  halides  and  Several  attempts 

have  been  undertaken  to  explain  this  by  using  either  an  ad-hoc  approach  to  describe  the 
defect  interaction  (linear  model,  flint  ^  c)  or  within  traditional  electrochemical  theory^ 
(Debye-Huckel,  fiint  ~  Some  qualitative  aspects  of  the  defect  behavior  in  the  pre¬ 
phase  transition  region  may  be  understood  by  these  models.  However,  a  satisfactory 
quantitative  agreement  has  not  yet  been  achieved. 


2  CUBE-ROOT-MODEL  AND  PREMELTING  ANOMALY 

In  general,  all  former  models  as  well  as  the  model  to  be  discussed  are  formulated  in  a 
mean-field  approximation  in  which  the  equilibrium  defect  concentration  c  may  be  written 
as 


c  =  exp(-— 

where  AF  denotes  the  standard  formation  energy  for  c  ^  0,  i.e.  the  first  formation  value. 
Here  we  show  that  the  conductivity  enhancement  prior  to  the  phase  transition  temperature 
can  be  quantitatively  described  by  cube-root-law  for  the  excess  chemical  potential: 
flint  =  =  kTXnf,  J  and  /  being  a  defect-defect  interaction  constant  and  the  activity 

coefficient.  This  finding  indicates  the  approximate  validity  of  the  mean  field  approach  in 
which  the  effective  potential  in  the  defect  site  varies  with  the  defect-defect  distance 
and  may  be  microscopically  explained  in  the  framework  of  a  Mott-Littleton 
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FIGURE  1  Temperature  dependence  of  conductivity  for  the  rock  salt  structure  materials  AgCl  and  AgBr,  Points 
represent  experimental  data:  AgCP,  AgBr^.  Solid  lines  show  the  result  of  fitting  with  the  cube  root  dependence. 
Vertical  dash  lines  indicate  the  experimental  melting  temperatures. 


approximation.®  Thus  the  defective  solid  may  be  understood  -  in  an  effective  sense  -  in 
terms  of  superposition  of  a  perfect  lattice  and  the  defect  sublattice.  It  is  important  to 
emphasize  that  the  same  cube  root  dependence  of  the  excess  chemical  potential  has  been 
found  for  concentrated  liquid  electrolytes^  in  a  rather  wide  range  of  concentration. 

We  used  a  non-linear  fitting  procedure  to  treat  conductivity  data  and  to  extract  the 
defect-defect  interaction  parameter  J  as  well  as  the  standard  defect  formation  free  energy 
AF.  Figures  1-3  show  the  quantitative  agreement  of  the  cube  root  dependence  and 
experimental  data  for  AgCl,  AgBr,  Agl  and  PbF2. 
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FIGURE  2  Temperature  dependence  of  conductivity  for  /?-AgI  (wurtzite).  Points  represent  experimental  data.^ 
The  solid  line  shows  the  result  of  fitting  with  the  cube  root  dependence.  The  vertical  dashed  line  indicates  the 
experimental  temperature  of  the  superionic  phase  transition. 


3  CUB-ROOT-MODEL  AND  PHASE  TRANSITIONS 

The  appearance  of  the  excess  chemical  potential  in  the  equation  of  state  leads  to  the 
total  free  energy  of  the  crystal  as  follows 

F  =  Fperfect  +  c  •  AF  -  3/4  J  •  -  kT  In  W 

where  k\nW  denotes  the  conventional  configuration  entropy  of  the  defects  at  random 
distribution.  This  equation  has  either  one  or  three  solutions  corresponding  to  one  minimum 
or  to  two  minima  separated  by  a  maximum.  For  different  values  of  AF  and  J  different 
types  of  temperature  dependencies  may  be  observed. 

The  first  type,  when  only  one  solution  exists  over  the  whole  temperature  range,  shows  a 
smooth  increase  of  the  defect  concentration  compared  to  the  Arrhenius  law.  Finally,  the 
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FIGURE  3  Temperature  dependence  of  conductivity  for  PbFa  (fluorite).  Points  represent  experimental  data.^ 
The  solid  line  shows  the  result  of  fitting  with  the  cube  root  dependence. 


concentration  reaches  a  saturation  limit  value.  The  conductivity  of  PbF2  illustrates  a 
behavior  of  this  kind  (Figure  3).  The  same  set  of  energetic  parameters  also  allows  to 
describe  the  specific  heat  anomaly  in  PbF2.^ 

The  second  type  displays  the  evolution  of  a  second  minimum  of  the  free  energy  at  high 
concentrations.  At  sufficiently  high  temperatures  the  second  minimum  corresponding  to  a 
highly  disordered  state,  becomes  the  absolute  minimum  and  an  abrupt  transition  from  a 
low  to  a  high  disordered  state  can  occur.  The  melting  transition  of  AgCl,  AgBr  and  the 
superionic  phase  transition  of  Agl  are  examples  of  such  a  first  order  transition. 

In  all  these  cases  (AgCl,  AgBr,  Agl  and  PbF2)  the  J  parameters  used  to  describe  the 
conductivity  anomalies  predict  the  correct  phase  transition  temperature  quite  accurately 
(±  3%). 
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4  CONCLUSIONS 

The  main  content  of  the  paper  is  twofold: 

1.  The  conductivity  anomalies  observed  for  many  ionic  conductors  prior  to  the  order- 
disorder  phase  transition  could  be  quantitatively  described  for  the  first  time  for  AgCl, 
AgBr,  Agl  and  PbF2. 

2.  For  these  materials  the  same  very  simple  formalism  leads  to  the  prediction  of  the 
transition  temperature.  This  is  partly  surprising  for  two  reasons: 

a)  We  used  a  simple  cube  root  law  with  only  one  parameter.  In  view  of  the  complexity  of 
the  problem  a  more  detailed  analysis  is  necessary.  The  situation  seems  to  be  somehow 
analogous  to  the  situation  in  concentrated  liquid  electrolytes  where  also  a  cube  root  law 
is  approximately  valid. 

b)  Concerning  the  phase  transition  temperature,  no  information  about  the  high 
temperature  phase  has  been  used.  This  means:  i)  the  same  effect,  which  leads  to  the 
conductivity  anomaly,  stabilizes  the  high  temperature  phase;  and  ii)  the  difference 
between  the  free  energy  of  the  hypothetical  disordered  high  temperature  phase  which 
exhibits  the  structure  of  the  LT-phase,  and  the  free  energy  of  the  real  HT-phase  is 
insignificant.  This  has  to  be  proven  by  further  calculations.  In  this  context  the  empirical 
rules  connecting  defect  properties  and  melting  points  provide  additional  support. 
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In  the  following  paper  we  report  the  results  of  a  study,  by  means  of  impedance  spectroscopy,  of  the  conducting 
properties  of  thermochemically  blackened  Yttria  Stabilized  Zirconia  (YSZ)  samples,  previously  investigated  by 
means  of  optical  and  paramagnetic  resonance  spectroscopies.  The  work  focuses  on  the  relation  between  the 
characterized  electron  traps  and  the  semiconducting  properties  of  YSZ.  On  the  light  of  the  results  we  propose  a 
level  diagram  for  the  electrons  that  accounts  for  the  optical  properties  of  the  defects  as  well  as  for  the  electronic 
conduction  of  thermochemically  reduced  samples.  This  conduction  would  take  place  through  a  band  of  defects 
situated  about  1.3  eV  below  the  conduction  band. 

Key  words:  Reduced  Stabilized-Zirconia,  Electronic  Conduction,  Electron  Traps,  Impedance  Spectroscopy. 


1  INTRODUCTION 

Zirconia  stabilized  in  the  fluorite  cubic  structure  possesses  a  big  amount  of  structural 
oxygen  vacancies,  which  are  responsible  for  the  ionic  conducting  properties  in  a  wide 
range  of  oxygen  partial  pressures.  In  reducing  environments  the  material  becomes  colored 
due  to  the  trapping  of  the  electrons  left  behind  by  the  outgoing  oxygen  ions  and  the 
electronic  conduction  grows.  ^  In  many  of  its  applications  this  onset  of  the  electronic 
conduction  is  unwanted  and  its  understanding  is  of  importance. 

Different  kinds  of  traps  for  electrons  have  been  studied  by  means  of  optical  and 
paramagnetic  spectroscopic  techniques.^  Upon  reduction  the  T-defects  are  formed  first 
(electrons  trapped  at  a  Zr^+  surrounded  by  two  oxygen  vacancies  along  a  cube  diagonal). 
Stronger  reduction  produces  a  severe  darkening  due  to  the  appearance  of  a  strong 
absorption  band  witih  maximum  at  about  480  nm  and  which  has  been  assigned^  to 
heptacoordinated  Zr^"^  (C-defects),  although  in  this  case  we  have  very  little  experimental 
information.  The  results  that  we  present  in  the  following  address  to  the  question  of 
identifying  the  electron  traps  that  take  part  in  the  electronic  conduction  of  the  material. 


2  EXPERIMENTAL  RESULTS 

We  have  used  samples  of  YSZ  with  16  mol%  Y2O3  (CERES  Corp.,  USA) 
thermochemically  reduced  at  1400°C  (named  TCR1400)  and  characterized  spectro¬ 
scopically  as  reported  elsewhere.^  The  impedance  measurements  where  performed  on 
samples  of  a  typical  size  of  25  mm^  x  0.2  mm  with  painted  silver  paste  electrodes.  They 
were  performed  with  a  HP4192A  and  a  Schlumberger  1260  impedance  analyzers  in  the 
5Hz  to  10  MHz  frequency  range,  and  under  argon  atmosphere.  The  reduced  samples 
presented  the  strong  absorption  band  reported  in  ref.  2  as  well  as  the  trigonal  EPR  signal. 
We  estimate  the  number  of  injected  electrons  to  be  3  x  10^^  cm"^  trapped  in  T-defects  and 
1,5x10^^  cm“^  in  C.  Since  the  number  of  C-traps  for  this  crystal  is  estimated  to  be^  of 
about  2%,  we  have  less  injected  electrons  than  available  electron  traps. 
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FIGURE  1  Imaginary  part  of  the  complex  modulus  (divided  by  the  capacitance  of  the  empty  holder)  versus 
frequency  of  a  thennochemically  reduced  sample:  □  after  reduction  measured  at  270° C,  +  ^er  a  partial 
reoxidation  at  420°C  (measured  at  270°C),  and  O  reoxidized  sample  measured  at  415°C. 

The  impedance  diagrams  have  been  measured  at  low  temperatures  to  enhance  the 
contribution  of  the  electronic  conduction  as  well  as  to  prevent  the  reoxidation  of  the  crystal 
during  the  measurements.  They  show  a  semicircle  in  the  high  frequency  range  assigned  to 
the  bulk  properties  of  the  material,  with  a  much  resistive  one  at  low  frequencies.  The  latter 
is  associated  to  the  region  of  the  crystal  adjacent  to  the  surfaces  and  that  are  being  oxidized 
during  the  measurements.  To  analyze  the  arcs  we  have  chosen  the  complex  modulus 
representation  to  prevent  its  overlapping. 

In  Figure  1  we  plot  the  imaginary  part  of  the  complex  modulus  versus  frequency  in  the 
reduced  and  reoxidized  samples  (only  T-defects  left).  The  different  shapes  and  broadening 
of  the  relaxation  peaks  in  reduced  and  reoxidized  samples  allow  to  conclude  that  there  are 
different  transport  mechanisms  taking  place  in  each  case.  The  high  frequency  capacitance 
(100  KHz)  of  the  sample  does  not  change  with  reoxidation,  being  equal  to  18  pF  (being 
0.65  pF  the  capacitance  of  the  empty  cell).  The  temperature  dependence  is  presented  in 
Figure  2.  In  both  cases  the  conductivity  data  have  been  fitted  to  an  expression  of  the  form 

(jT  —  Aexp(— E/kT)  (1) 

with  A  =  IxlO^K/Ocm  and  E  =1.37  eV  for  the  oxidized  sample,  and 
A  =  1.13x  lO^K/Hcm  and  E  =  1.1  eV  for  the  reduced  one.  We  see  a  conductivity 
greater  by  two  orders  of  magnitude  for  the  strongly  reduced  sample,  that,  must  be 
associated  with  the  presence  of  the  C-defects.  The  change  in  the  concentration  of  oxygen 
vacancies  can  not  account  for  this  big  increase  in  conductivity,  that  we  have  thus 
associated  to  electronic  conduction.  In  this  case,  the  activation  energy  in  expression^ 
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FIGURE  2  Semilogarithmic  plot  of  the  conductivity  as  a  function  of  l/T.  •  thermochemically  reduced  sample, 
X  partially  reoxidized  (C-defects  bleached),  and  O  untreated  sample. 


comprises  the  contributions  of  the  activation  enthalpy  for  the  freeing  of  electrons  from  the 
C-traps  (AHe)  and  the  activation  for  the  mobility  (E^e)»  that  according  to  ref.  1  we  assume 
very  small.  Thus  we  have,  AHe  =1.1  eV. 


3  DISCUSSION 

On  the  light  of  these  results  we  can  tentatively  locate  the  ground  state  level  of  the  C-defect 
inside  the  band  diagram  presented  in  reference  2.  This  is  shown  in  Figure  3.  As  shown  by 
cluster  calculations  by  Sobolev  et  al?  the  states  of  the  bottom  of  the  conduction  band 
(Zr(3d)  mixed  with  0(2p))  relax  in  the  proximity  of  an  oxygen  vacancy,  creating  empty 
electronic  states  into  the  gap.  Being  so,  and  since  the  material  presents  a  high  degree  of 
disorder  these  states  may  form  a  band  of  defects  through  which  the  electrons  can  move. 
The  existence  of  such  a  band,  which  may  account  for  the  low  electron  mobility  of 
stabilized  zirconia  underlies  in  many  studies  concerning  the  electronic  transport  of  YSZ.^ 
When  the  material  starts  to  reduce,  the  electrons  trap  at  the  deepest  traps  (T-defects), 
whose  ground  states  locate  at  about  2  eV  below  the  defect  conduction  band.  As  the 
reduction  goes  on  further,  the  shallower  C-traps  are  filled,  whose  ground  level  lies  at  about 
1.1  eV  below  the  ‘narrow’  conduction  band.  Photons  of  2.6  eV  will  promote  these 
electrons  into  the  exited  state  of  the  C-defect,  close  to  or  into  the  conduction  band,  so  that 
this  absorption  band  can  act  as  a  charge  transfer  band. 
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FIGURE  3  Energy  level  diagram  in  which  C  and  T-defects  have  been  located.  The  arrows  show  the  observed 
optical  transitions  and  Eb  indicates  the  ‘narrow’  band  of  defects. 


In  conclusion  we  have  ended  up  with  the  identification  of  two  intrinsic  electron  traps, 
which  are  related  to  the  electrons  trapped  in  4d  orbitals  of  Zr^"^  ions  perturbed  by  oxygen 
vacancies.  We  show  that  the  shallower  C-defect  determines  the  low  temperature  electronic 
conductivity  of  moderately  reduced  YSZ.  We  postulate  the  existence  of  a  conduction  band 
at  about  1.3  eV  below  the  ‘true’  conduction  band  consisting  of  perturbed  4d  orbitals  of 
Zr'^^  ions  perturbed  by  oxygen  vacancies  and 
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HIGH  TEMPERATURE  ANNEALING  EFFECTS  ON 
THE  A.C.  CONDUCTIVITY  OF  SWEPT  SYNTHETIC 
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The  effect  of  prolonged  annealing  treatments  at  elevated  temperatures  (900-1700  K)  on  the  a.c.  ionic  conductivity 
of  Sawyer  PQ  ‘hydrogen  swept’  quartz  has  been  investigated  by  impedance  spectroscopy  measurements. 
Transient  and  irreversible  effects  have  been  observed  during  die  annealings:  specifically,  a  monotonic 
enhancement  of  the  conductivity  is  detected  in  the  900-1300  K  temperature  range,  while  at  higher  annealing 
temperatures  an  opposite  effect  is  evidenced.  The  experimental  results  can  be  interpreted  in  the  frame  of  a 
phenomenological  model  featuring  two  equilibrium  reactions;  an  indirect  role  of  hydrogen  impurity  in  the  ionic 
transport  dynamics  is  evidenced,  also  by  means  of  infrared  spectroscopy  measurements. 

Key  words:  quartz — conductivity — impedance  spectroscopy — ^infrared  spectroscopy. 


1  INTRODUCTION 

The  conductivity  of  crystalline  quartz  above  room  temperature  is  of  ionic  origin:  the 
charge  carriers  have  been  identified  as  alkali  ions,  e.g.  Na"^  or  Li"^,^  commonly  present  in 
trace  concentrations  in  the  SiOa  lattice.  In  as  grown  crystals,  alkalis  [M^]  act  as  charge 
compensators  of  aluminium  impurities  substitutional  for  silicon,  giving  rise  to  the 
[AIO4-M+]®  centers;  at  high  temperatures,  thermal  dissociation  of  these  centers  takes 
place,  and  the  alkali  ions  become  free  to  migrate  in  open  channels  existing  along  the  z- 
crystallographic  axis:  in  fact,  this  conductivity  is  characterized  by  a  large  anisotropy,  being 
more  than  two  orders  of  magnitude  lower  when  measured  with  the  electric  field  parallel  to 
the  x>axis  with  respect  to  the  z-axis  orientation.^ 

At  first,  ionic  conductivity  measurements  on  Si02  have  been  interpreted  in  the  frame  of 
a  very  simple  model  only  involving  the  [AIO4-M+]®  dissociation  and  subsequent  ion 
hopping  in  the  crystalline  matrix:  however,  the  comparison  between  the  behaviour  of 
synthetic  and  natural  samples  in  the  alpha  phase  (T  <  846  K)  led  to  hypothesize  that  the 
presence  of  additional  unassociated  aluminium  ions  could  influence  the  dissociation 
reaction,  leading  to  conductivity  curves  somehow  sample-dependent.^  Further  studies^  put 
in  evidence  that  the  transport  process  can  be  satisfactorily  interpreted  by  means  of  a 
phenomenological  model  (‘double  equilibrium  model’),  involving  two  dissociation 
reactions  concerning  the  aluminium  impurity: 

[AIO4  -  M+J®  [A104]~  +  [M]+  (1) 

[AIO4  -  Y+]®  ^  [A104]“  +  [Y]+  (2) 

where  the  term  Y  represented  an  unidentified  species,  not  necessarily  participating  to  the 
transport  process. 

In  this  paper  we  present  results  concerning  the  effect  of  prolonged  thermal  treatments  at 
high  temperatures  (900-1700  K)  on  synthetic  ‘hydrogen  swept’  quartz:  by  these 
measurements,  we  have  evidenced  that  transient  and  irreversible  conductivity  effects 
occur  during  the  annealings,  which  can  be  interpreted  in  the  frame  of  the  above  mentioned 
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FIGURE  3  Absorption  coefficient  versus  annealing  temperature  of  different  OH  bands  in  Sawyer  PQ  swept 
quartz.  A),  3367  cm"^;  B),  3400  cm”^;  C),  3435  cm“^;  D),  3585  cm"^ 
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model.  Moreover,  contemporary  infrared  spectroscopy  measurements  on  the  same  samples 
have  allowed  to  identify  the  Y  species  as  the  hydrogen  impurity. 


2  EXPERIMENTAL  METHODS 

We  have  studied  Sawyer  PQ-swept  quartz,  produced  by  Sawyer  Research  Products, 
Eastlake,  Ohio;  this  type  of  quartz  has  an  aluminium  concentration  of  approximately  1  to 

3  ppm;  the  sweeping  process  consists  in  an  electrodiffusion  at  high  temperature  performed 
in  air,  having  the  effect  to  produce  the  conversion  of  the  majority  of  the  [A104-M+]^ 
centers  present  in  the  as  grown  material  into  [AIO4-H+]®  centers. 

The  samples  studied  were  in  the  form  of  cylinders  (diameter  of  10  mm  and  thickness  of 
5  mm),  with  the  axis  parallel  to  the  optical  axis  of  the  crystal;  the  samples  in  the 
measurement  condenser  have  been  heated  with  a  tungsten  mesh  kept  under  vacuum,  a 
Pt/Pt-Rh  termocouple  allowed  to  measure  the  temperature  of  the  sample  with  a  precision  of 
1  K.  The  annealing  treatments,  lasting  up  to  ten  hours,  have  been  performed  in  the  same 
furnace  used  for  the  electrical  measurements  but  with  no  electric  field  applied  at  the 
electrodes. 

The  electrical  measurements  have  been  carried  on  with  a  AC  bridge  (HP4284a) 
operating  in  a  frequency  range  of  20  Hz-1  MHz,  and  with  1  V  test  signal  voltage  applied 
along  the  z-axis  direction. 

The  optical  measurements  have  been  earned  on  at  80  K  with  a  double  beam 
spectrophotometer  (Cary  2300  model)  in  the  wavenumber  range  3250-3600  cm“^ 


3  RESULTS  AND  DISCUSSION 

In  Figure  1  we  show  conductivity  data  of  Sawyer  PQ  swept  quartz:  curve  a)  pertains  to  an 
untreated  crystal,  while  curves  b)  and  c)  have  been  obtained  after  an  annealing  of  10  hours 
at  1000  K  and  1700  K,  respectively.  The  comparison  between  these  three  curves  shows 
that  the  thermal  treatments  produce  irreversible  effects  on  the  conductivity  process;  the 
difference  between  these  curves  is  the  result  of  transient  and  opposite  phenomena 
occurring  in  two  different  temperature  ranges.  Specifically,  at  a  fixed  temperature  in  the 
800-1400  K  interval,  the  conductivity  is  seen  to  increase  as  a  function  of  time,  as  curve  a) 
of  Figure  2  shows.  On  the  contrary,  in  the  1450-1700  K  region,  the  opposite  effect  is 
evidenced,  as  shown  in  the  same  figure,  curve  c).  Since  the  existence  of  such  transient 
effects  it  is  convenient  to  point  out  that  in  curves  a)  and  b)  of  Figure  1  are  plotted  the 
values  obtained  immediately  after  thermalization  of  the  sample  was  completed,  but  the 
conductivity  was  still  slowly  changing.  Differently,  the  crT  versus  1/T  plot  of  curve  c), 
after  the  annealing  at  1700  K,  did  not  show  any  time  dependence. 

We  will  first  focus  on  the  transient  effect  occurring  in  the  lower  temperature  range.  As 
already  evidenced,^  the  ionic  conductivity  in  this  interval  is  markedly  influenced  by  the 
presence  of  additional  aluminium  associated  to  a  second  and  unknown  species,  the 
[A104-Y'^]®  center;  this  center  gives  rise  to  a  dissociation  reaction  interacting  with  that  of 
the  [A104-M'^]®  defect.  The  observed  conductivity  enhancement  upon  heating  treatments 
can  be  accounted  for  in  the  frame  of  the  ‘double  equilibrium’  phenomenological  model  by 
considering  a  progressive  lowering  of  the  concentration  of  the  Y  ions.  In  the  following,  a 
simple  mathematical  demonstration  is  presented. 
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Equations  (1)  and  (2)  can  be  written  as: 

=  (3) 

where  E^,  are  the  dissociation  energies  of  the  [A104-M'*']^  and  of  the  [AIO4-Y+]® 
centers,  respectively;  ks  is  the  Boltzmann  constant. 

Let  us  name: 

Y*  =  molar  fraction  of  dissociated  ions  of  species  Y; 

A*  =  molar  fraction  of  aluminum  ions  dissociated  from  reaction  (4); 

Ao  =  initial  molar  fraction  of  [A104-Y'’']®  centers 

M*  =  molar  fraction  of  alkali  ions  dissociated  from  reaction  (3); 

Under  the  hypothesis  that,  during  a  thermal  annealing  at  a  fixed  temperature,  Y*  is  not 
constant,  it  will  follow  that  at  any  time  Y*  7^  A*  ,  Reaction  (4)  can  be  written  as: 

(M*+A*)Y*  =  (Ao-A*)K2  (5) 

where  we  have  considered,  as  [AI-O4]",  M*  +  A*,  the  sum  of  dissociated  Alumimium 
centers  from  both  reactions  (3)  and  (4). 

We  can  obtain: 


M*  =  [(Ao-A*)K2/Y*]-A*  (6) 

At  a  first  approximation  we  can  consider  that  A  is  constant  and  we  can  calculate: 

dMVdt  -(dY7dt)/(Y*)^  (7) 

Thus,  if  thermal  treatments  cause  a  lowering  of  the  concentration  of  the  Y  species,  we  must 
expect  an  enhancement  of  dissociated  alkali  ions,  and  consequently  an  enhancement  of  the 
conductivity. 

Interesting  considerations  can  be  done  about  the  nature  of  the  Y  ions:  actually,  different 
experimental  results  allow  to  conclude  that  it  can  be  identified  as  the  hydrogen  impurity, 
and  thus  that  the  [AIO4-Y+]®  defect  is  the  [AIO4-H+]®  center,  i)  First  of  all,  the 
conductivity  values  of  hydrogen  swept  samples  are  much  lower  than  those  of  as  grown 
samples,  but  the  temperature  dependence  is  the  same;^^^  this  confirms  that  alkali  ions  can 
be  identified  as  the  charge  carriers  in  both  cases,  ii)  Recent  experiments  have  however 
shown  that  the  transient  irreversible  effects  are  much  stronger  in  swept,  hydrogen  rich, 
samples  than  in  as  grown  samples,  showing  that  hydrogen  can  have  an  indirect  role  in  the 
conduction  mechanism.  iii)  Finally,  we  have  monitored  the  I.R.  absorption  spectra  of 
swept  samples  after  thermal  treatments  at  different  temperatures:  in  Figure  3  are  shown  the 
intensities  of  four  OH  bands  (peaking  at  3367  cm“\  3400  cm“^  3435  cm“^  and 
3585  cm“^)  as  a  function  of  annealing  temperature.  The  3367  cm“^  band  is  specifically 
associated  to  [A104-H+]^  stretching  vibration,  while  the  others  are  assigned  to  as-grown 
all  the  bands,  and  particularly  the  structure  peaking  at  3367  cm“^  are  weakened  by 
successive  thermal  treatments,  in  accordance  with  the  hypothesis  that  the  [A104-Y+]^ 
center  can  be  identified  as  [A104-H+]^.  Both  the  conductivity  enhancement  and  the 
weakening  of  the  [A104-H‘*']^  band  are  irreversible  effects:  it  can  be  supposed  that  the 
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hydrogen  impurity  becomes  steadily  trapped  at  different  sites,  or  that  it  undergoes 
desorption  from  the  sample. 

Finally,  we  shall  consider  the  opposite  transient  effect  occurring  at  T  >  1400  K,  shown 
in  Figure  2,  curve  b:  the  resistivity  of  the  sample  increases  by  approximately  a  factor  of 
two  during  the  10  hours  thermal  treatment  at  1700  K.  Also  this  phenomenon  has  an 
irreversible  character,  as  evidenced  by  a  crT  vs  1/T  measurement  performed  after  the 
annealing  (Figure  1,  curve  c):  our  possible  interpretation  is  the  occurrence,  at  high 
temperature,  of  effects  of  desorption  or  segregation  of  the  alkali  ions  charge  carriers, 
already  experienced  by  hydrogen  ions  in  a  lower  temperature  range. 
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The  lattice  and  grain  boundary  difftision  coefficients  of  i^O(at  0.1  atm)  were  determined  at  900^  in  bulk  Cr203. 
and  in  Cr203  scales  developed  on  a  Ni7oCr3o  alloy.  The  diffusion  profiles  were  established  by  SIMS  and  analyzed 
considering  two  domains,  the  first  one  relative  to  apparent  diffusion  and  the  second  to  grain  boundary  diffusion. 
With  such  an  analysis  and  taking  a  f  value  =  0.0006,  modified  from  a  ridge  model,  the  oxygen  lattice  diffusion 
coefficients  determined  in  Cr203  scales  are  then  in  very  good  agreement  with  those  in  bulk  Cr203.  With  some 
assumptions,  our  diffusion  data  lead  to  a  parabolic  oxidation  constant  equal  to  the  experimental  one.  The  scale 
growth  is  ensured  by  counter-current  diffusion  of  oxygen  and  chromium,  mainly  by  grain  boundary  diffusion. 

Key  words:  diffusion,  bulk  Cr203,  Cr203  scales,  ridge  model. 


1  INTRODUCTION 

Cr203  scale  is  frequently  used  as  a  barrier  to  protect  metallic  alloys  at  high  temperatures. 
As  a  consequence,  the  transport  properties  of  Cr203  are  of  considerable  interest.  In  the 
literature,  it  appears  that  the  more  recent  values  of  oxygen  and  chromium  diffusion 
coefficients  deterrmned  in  single  crystals  are  some  orders  of  magnitude  smaller  than  the 
previous  data  obtained  on  polyciystalline  materials  or  on  scales.  To  clarify  this  difference, 
the  authors^  have  suggested  that,  in  the  case  of  Cr203  scales,  the  diffusion  coefficient 
determined  in  the  first  part  of  the  profiles  does  not  correspond  to  a  lattice  diffusion,  but  to 
an  apparent  one.  The  objective  of  this  study  is  to  determine  and  compare  oxygen  diffusion 
coefficient  (Dl  and  Dgb)  in  single  crystals,  polycrystals  and  in  Cr203  scales  at  900°C. 
Secondly,  oxidation  of  a  Ni7oCr3o  alloy  is  studied  in  different  oxygen  atmospheres  to 
determine  the  oxidation  constant,  kc.  This  value  is  compared  with  that  calculated  from  the 
diffusion  data  in  order  to  justify  growth  mechanism  of  Cr203  scales. 


2  EXPERIMENTS 

All  diffusion  experiment  conditions  are  given  in  Table  I.  The  diffusion  was  studied  by 
means  of  exchange  at  0.1  atm  oxygen,  and  the  concentration  profiles  were 

analyzed  by  SIMS,  using  a  10  keV  Cs+  ion  source.  For  the  oxidation  kinetic  tests  of  the 
Ni7oCr3o  alloy  at  900°C,  the  following  atmospheres  of  oxygen  were  used:  0.25  atm,  1  atm, 
2  atm. 


3  RESULTS  AND  DISCUSSION 

3.1.1  Single  crystal  Our  Dl  values  10“^^cm^/s)  (Table  H)  are  in  good  agreement 
with  that  evaluated  from  Hagel  work  3xl0“^^cm2/s),^  but  greater  than  that 
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for  rough  surface  (scale) 


\\\\\  for  smooth  surface  (massive) 


FIGURE  1  the  ridge  model  (black)  and  the  smooth  surface  model  (hatched). 


extrapolated  from  Sabioni  work  10“^^cm^/s)^,  though  our  study  was  performed  on  the 
same  single  crystal.  There  is  possibly  two  reasons  to  explain  the  difference.  Firstly,  the 
value  extrapolated  from  Sabioni  work  is  obtained  on  the  basis  of  only  two  points,  which 
may  lead  to  a  great  uncertainty.  Secondly,  Sabioni  worked  in  a  lower  oxygen  atmosphere 
than  in  this  study.  As  it  is  further  shown  by  the  oxidation  kinetics,  Cr203  scales  behave  as 
a  p-type  conductor,  so  in  this  case  the  possible  point  defect  is  Oi''.  Then,  in  the  pOa  range 
atm,^  the  diffusion  coefficient  would  increase  by  a  factor  of  about  30, 
according  to  [Oi"]  variation  with  (PO2)'''®.  With  this  consideration,  the  oxygen  lattice  self- 
diffusion  coefficient  extrapolated  from  Sabioni  work  at  900°C  and  at  pOa  =  0.1  atm 
would  be  3  X  10“^^  cm^/s,  i.e  a  value  close  to  our  experimental  values. 


Table  I 

Experimental  conditions  for  each  sample  (working  temperature  =  900°  C) 


sample 

material 

experimental  condition 

* 

1 

single  c. 

pre-annealing  +  0,^®  0.1  atm,  Ih 

A 

2 

single  c. 

pre-annealing  +  0.1  atm,  Ih 

A 

3 

single  c. 

pre-annealing  +  0.1  atm,  5h 

A 

4 

bulk  polyc. 

pre-annealing  +  0,^®  0.1  atm,  Ih 

A 

5 

bulk  polyc. 

pre-annealing  +  0.1  atm,  5h 

A 

6 

scale 

latm,  15h  +  0,^®  0.1  atm,  Ih 

B 

7 

scale 

latm,  165h  +  cooling  (-240°C/h)  +  0,^®  0.1  atm,  Ih 

B 

8 

scale 

latm,  165h  +  cooling  (-40°C/h)  +  0,^^  0.1  atm,  Ih 

B 

9 

scale 

0,^®  latm,  15h  +  0.1  atm,  5h 

B 

♦polishing  - 

A:  polished  up  to  3  fim  diamond;  B:  polished  up  to  1200  SiC 

3.1.2  Bulk  polycrystalline  Cr20z  Taking  into  account  the  average  grain  size,  ^  ^  9  pm 
and  the  grain  boundary  width,  6  =  1  nm,  f(=  36/^),  fraction  of  sites  associated  with  grain 
boundaries,^  is  equal  to  0.00034.  With  this  f  value  and  diffusion  equations  mentioned  in,^ 
the  oxygen  lattice  (Dl)  and  grain  boundary  (Dgb)  diffusion  coefficients  were  determined 
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FIGURE  2  concentration  profile  plot  against  (sample  No.  5). 


(Table  III).  It  is  shown  that  Dl  values  determined  in  this  case  are  close  to  those  in  single 
crystals  and  do  not  depend  on  the  diffusion  time. 

Table  U 

Dl  in  single  crystal, 

Tdiff  =  900°  C,  p02  =  0.1  atm 


sample 

DLCcm^/s) 

1 

8.8  X  10-1® 

2 

1.2  X  10-1’ 

3 

1.3  X  10-1’ 

Table  UI 

Dapp,  Dl  and.  Dgi) 

determined  in  bulk  polycrystals. 

Tdiff  =  900°C,  p02  =  O.latm  and  f  =  0.00034 

sample 

Dapp(cm^/s) 

DL(cm^/s) 

Dgb(cm^/s) 

4 

1.5  X  10-1^ 

7.4  X  10-1® 

4.3  X  10-13 

5 

6.0  X  10-1’ 

8.1  X  10-1® 

1.6  X  10-13 

3.1.2  In  CV2O3  scales  Taking  a  value  f  =  0.003  ($  1  /^m),  the  lattice  and  grain 

boundary  diffusion  coefficients  of  oxygen  were  determined  (Table  IV).  Some  remarks  can 
be  made: 


288/[l514] 


S.  C  TSAI  ETAL. 


Table  IV 


Dapp,  Dl>  Dgb  determined  in  CraOa  scale,  T^iff  =  900®C  and  p02  =  0.1  atm 


sample 

DL(cm2/s)) 
f  =  0.003 

Dgb(cm2/s) 

f- 0.003 

DL(cm2/s) 
f=  0.0006 

Dgb(cm2/s) 

f=  0.0006 

6 

1.0  X  10-*5 

8.3  X  10-^9 

3.3  X  10-‘2 

2.0  X  10-12 

1.6  X  10-12 

7 

1.6  X  10-‘5 

3.4  X  10-^5 

5.3  X  10-^2 

8.4  X  10-1* 

2.7  X  10-12 

8 

1.2  X  10-’^ 

2.6  X  10-^^ 

4.0  X  10-*2 

8.9  X  10-1* 

2.9  X  10-12 

9 

2.9  X  10-*5 

4.0  X  10-2® 

4.3  X  10-12 

5.1  X  10-1* 

4.8  X  10-12 

(i)  As  Dl  values  determined  in  Cr203  scales  differ  from  those  determined  on  bulk  Cr203 
(compare  with  Tables  11,  III),  a  ridge  model  is  proposed  which  modifies  the  f  value  due 
to  the  surface  roughness  of  Cr203  scales:  as  the  average  surface  roughness  (Ra)  is 
about  1  }im  (the  same  value  as  $).  The  ridge  model  is  schematized  in  Figure  1. 

Considering  every  ridge  as  a  cylinder  of  1  iim  diameter  ($)  and  also  1  fim  height 
(Ra),  The  area  for  lattice  diffusion  in  case  of  a  smooth  surface  (As)  is 
7i-(0.5)2  =  0,257r  //m^.  For  the  ridge  model,  this  area  (Af)  is  [7r(0.5)^  + 
27r(0.5)*l  =  1.257r  /im^.  So,  Ai-  is  about  5  times  greater  than  Ag,  As  a  consequence, 
the  f  value  for  Cr203  scales  becomes  equal  to  0.0006.  The  new  Dl  and  Dgb  values  are 
shown  in  Table  4.  It  appears  that  the  Dl  values  are  in  very  good  agreement  with  those 
in  single  crystal  and  massive  poly  crystals.  The  Dgb  values  are  greater  than  those 
determined  in  bulk  polycrystals  (compare  Tables  III  and  IV),  but  they  are  in  good 
agreement  with  Dgb(~  10~^^cm^s“^)  obtained  in  Cr203  scales  by  Graham  et  al.  at 
900° C.®  It  is  believed  that  there  may  be  more  faster  diffusion  paths  in  the  Cr203  scales 
than  in  bulk  poly  crystals. 

(ii)  In  spite  of  the  various  heat  treatments  performed  to  develop  the  Cr203  scale  (No.  6-8) 
and  in  spite  of  the  different  diffusion  times  for  (No.  6  and  9),  close  values  of  Dgpp, 
Dl  and  Dgb  were  obtained  for  all  samples.  It  is  concluded  that  there  is  no  effect  of 
cooling  rate,  of  oxidation  time  and  of  diffusion  time  on  the  diffusion  coefficient  values, 
contrarily  to  the  results  of  Lobnig  et  al.  who  obtained  a  variation  of  the  anionic 
diffusion  coefficients  in  Cr203  scales  with  the  diffusion  time.^ 

3.1.4  Oxidation  kinetic  tests  All  the  kinetic  curves  obey  a  parabolic  law.  The  kp  values 
(g^cm'^^s"^),  defined  as  (Ani/s)^=  kpt,  are  given  in  Table  V  with  kc  values  (cm^s~^) 
calculated  by  k^  =  (Mcr203/3  Mq  /?cr203)^  kp.  A  p-type  conductivity  behavior  is  observed 
in  our  Cr203  scales  as  the  higher  the  p02  the  greater  kp.  As  a  consequence,  the  main  point 
defects  can  be  either  oxygen  interstitial  (Oi")  or  chromium  vacancy  (Vcr"0.  or  both. 
From  the  classical  equation  for  an  oxide  MaOb,  kc  can  be  expressed  by: 


Table  V 

kp  and  kc  determined  on  the  alloy  Ni7oCr3o 
in  different  oxygen  pressures  at  900°  C 


p02 

0.25  atm 

1  atm 

2  atm 

kp 

1.4  X  10-12 

2.4  X  10-12 

6.4  X  10-12 

(g2  cm-^-i) 

kc 

(cm2s-‘) 

5.2  X  10-14 

8.9  X  10-14 

2.4  X  10-12 

Kc=  [D 

anion  +  (b/a)Dcation]filrip02 


DIFFUSION  :  BULK  AND  SCALES 
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Writing  D  =  D°  (PO2)"  for  each  species  (D°  being  the  diffusion  coefficient  at  p02 
=  1  atm) 


kc  =  |D'’o(p02)‘/*dlnp02  +  3/2|D°cr(p02)^^'®dlnp02 
=  6D°o(p02“‘)‘''®  +  8D°c,(p02“f 

Assuming  that  CT2O3  scale  growth  is  ensured  by  counter-current  of  oxygen  and 
chromium^’^  and  that  Do  ~  Dcr  at  0.1  atm,  we  can  obtain  kc  14  Do  (0.1  atm) 

Taking  the  average  value  of  Dl,  Dgb,  Dapp,  the  oxidation  constant  was  calculated 
assuming  various  mechanisms  (lattice,  grain  boundary  or  both)  for  the  scale  growth 
(Table  VI).  It  clearly  appears,  by  comparison  of  calculated  and  experimental  values  of  kc, 
that  the  scale  growth  proceeds  by  counter-current  diffusion  of  oxygen  and  chromium  by 
both  the  lattice  and  the  grain  boundary,  the  main  phenomenon  being  grain  boundary 
diffusion. 


Table  VI 

kc  calculated  from  diffusion  data  at  900°C  and  p02  =0.1  atm,  (assuming  Do«  Dcr),  experimental  kc  = 

4.4  X  10-^^  cm2/s 


Diffusion 

mechanism 

Lattice 

diffusion 

Grain  boundary 
diffusion 

Both 

mechanism 

Do 

(cm  ^s  ^) 

1.7  X  10-^^ 

2.8  X  10-12 

1.7  X  10-1^ 

kc 

(cm^s“^) 

2.4  X  10-1’ 

3.9  X  10-11 

2.4  X  10-1“^ 

4  CONCLUSION 

1.  In  case  of  massive  polycrystals  and  Cr203  scale,  the  penetration  profiles  are  analyzed 
considering  two  domains,  the  first  one  relative  to  apparent  diffusion  and  the  second  to 
grain  boundary  diffusion. 

2.  Considering  the  roughness  of  the  Cr203  scales,  a  ridge  model  is  proposed  to  modify 
the  f  value,  fraction  of  sites  associated  with  the  grain  boundaries. 

3.  In  case  of  Cr203  scales,  with  the  modified  f  value  =  0.0006  and  our  profile  analysis, 
the  so-determined  oxygen  Dl  values  are  in  good  agreement  with  those  determined  in 
single  crystals  and  bulk  polycrystals,  but  oxygen  Dgb  values  are  slightly  greater  than 
those  in  bulk  polycrystals. 

4.  By  comparing  the  experimental  oxidation  constant  with  those  calculated  from  the 
diffusion  data,  it  appears  that  the  scale  growth  must  be  ensured  by  counter-current 
diffusion  of  chromium  and  oxygen,mainly  by  grain  boundary  diffusion. 
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INFLUENCE  OF  YTTRIUM  ON  TRANSPORT 
PROPERTIES  OF  a  ALUMINA  SCALES 
DEVELOPED  ON  YTTRIUM  IMPLANTED  (3  NiAl 


J.  BALMAIN,  M.  K.  LOUDJANI  and  A.  M.  HUNTZ 

Laboratoire  de  Metallurgie  Stmcturale,  CNRS  URA  1107,  bat.  413,  Universite  Paris  XI 

Orsay,  91405  Orsay,  France 

The  influence  of  yttrium  doping  on  the  ionic  and  electronic  conductivities  of  a  alumina  developed  on  a  ,0  NiAl 
alloy  by  oxidation  at  1  lOO^C  was  investigated  by  electrochemical  measurements,  in  order  to  point  out  the  possible 
effect  of  this  element  on  the  transport  properties  of  alumina  scales.  It  appears  that  the  yttrium  influence  is  small.  It 
slightly  reduces  the  ionic  transport  number  at  low  oxygen  pressure  and  increases  it  at  high  pOi:  the  alumina  scale 
behaves  as  an  ionic  conductor  near  the  substrate-oxide  interface  and  progressively  becomes  a  mixed  conductor  or 
an  electronic  conductor  near  the  outer  oxide-gas  interface.  The  ionic-electronic  transition  is  sharper  for  undoped 
scales. 

Key  words:  Alumina,  yttrium,  /?-NiAl,  transport,  electrochemical  method. 


1  INTRODUCTION 

It  is  often  suggested,  in  order  to  justify  the  influence  of  yttrium  doping  on  the  oxidation 
kinetics  of  alumina  former  alloys,  that  such  an  element  modifies  the  transport  properties  of 
the  scale.  Recently,  self  diffusion  in  bulk  undoped  or  yttrium  doped  a  aluminas  was 
studied^  and  it  was  shown  that  yttrium  doping  slightly  increases  the  lattice  and  sub¬ 
boundary  diffusion  but  decreases  the  grain  boundary  diffusion,  a  diffusion  mechanism 
which  is  preponderant  during  the  growth  of  alumina  scales.  But,  it  also  appears  that 
diffusion  phenomena  in  bulk  oxides  can  differ  from  diffusion  in  scales  of  the  same  nature. 
For  instance,  for  chromia,  scales  are  assumed  to  grow  by  preponderant  cationic  diffusion 
while  anionic  diffusion  predominates  over  cationic  diffusion  in  bulk  chromia.'^  Thus,  it  is 
important  to  characterize  the  transport  properties  directly  in  the  scale.  This  is  the  objective 
of  this  work  on  alumina  scales  developed  by  oxidation  of  a  /5  NiAl  alloy  using  an 
electrochemical  method. 


2  MATERIAL  AND  EXPERIMENTAL  PROCEDURE 

The  B  NiAl  alloy  was  implanted  with  yttrium  (150  kev,  10^^  at.cm“^,  at  CSNSM,  Orsay) 
and  it  was  always  verified  that  a  gaussian  distribution  of  yttrium  was  obtained  according  to 
LSS  theory.  Afterwards  samples  were  oxidized  at  1 100°C  in  pure  oxygen.  Then,  using  an 
apparatus  and  a  procedure  previously  developed  in  our  laboratory,^  electrochemical 
measurements  on  the  alumina  scales  were  performed  in  p02  varying  between  10"^®  and 
1  atm.  (obtained  with  CO,  CO2,  Ar  and  O2  gas).  The  plot  of  the  variation  of  Vo,  the 
potential  difference  between  the  two  interfaces  of  the  scale  at  I  =  0,  versus  p02  allows  to 
determine  the  variation  of  the  ionic  transport  number  ti  =  ^  with  the  oxygen  pressure 
according  to  the  equation:  Vq  =  ^  Ji  U  d/x.  The  plot  of  the  curves  V  =  f  (I)  for  various  p02 
allows  to  determine  the  variation  of  a  with  the  oxygen  pressure  according  to  the  equation: 
a  ~  with  Zox  the  oxide  thickness  and  S  the  platinium  electrode  surface.^ 
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J _ ^  log  p02 

8 


(b) 


FIGURE  1  (a)  and  1(b)  Variations  of  Vq  and  ti  with  p02. 


3  RESULTS 

Examples  will  be  given  mainly  with  yttrium  doped  NiAl  samples  (for  the  results 
obtained  with  the  undoped  NiAl  alloy,  see^).  Figures  la  and  b  are  respectively  relative  to 
the  variation  of  Vo  with  the  oxygen  pressure  and  the  deduced  variation  of  t,  with  p02,  i.e. 
in  the  Y-doped  alumina  scale  thickness  from  the  inner  interface  to  the  outer  one.  It  appears 
that  ti  progressively  varies  from  a  value  near  1  at  the  inner  interface  to  a  value  near  0.3  at 
the  outer  interface.  From  one  sample  to  another  slight  variations  are  observed  (see 
Figure  3).  The  variation  of  ti  in  the  undoped  alumina  scale  was  sharper  (see  Figure  3). 

Figures  2a  and  b  are  respectively  relative  to  the  curves  V  =  f  (I)  obtained  at  different 
oxygen  pressures  and  the  deduced  variation  of  the  electric  conductivity  a  versus  pOa.  With 
the  results  obtained  from  Figure  lb  for  ti,  it  has  been  possible  to  plot,  on  Figure  2b,  the 
evolutions  of  cTi  and  cTg  near  the  inner  and  the  outer  interfaces  respectively.  Again,  it  is 
observed  that  the  evolution  of  a  is  sharper  in  the  case  of  the  undoped  alumina  scale. 

So,  it  appears  that,  for  Y-doped  alumina  scales,  ionic  conductivity  dominates  for  low 
oxygen  chemical  potentials,  i.e.  near  the  inner  interface  of  the  scale,  and  electronic 
conductivity  is  the  major  phenomenon  for  high  oxygen  chemical  potential.  Compared  to 
undoped  scales,  the  electronic  behaviour  is  less  marked  (see  Figure  3). 


4  DISCUSSION 

The  comparison  of  the  results  concerning  the  variation  of  the  ionic  transport  number  with 
the  oxygen  pressure  for  several  undoped  (sample  a)  or  Y-doped  samples  (b  and  c)  is  shown 
in  Figure  3. 

The  scatter  in  these  results  could  be  due  to  the  fact  that  the  NiAl  substrate  grain  size  is 
large  (^'-^  2  mm).  Consequently,  according  to  the  orientation  of  the  grains  in  a  sample  and 
to  epitaxial  relations  between  the  substrate  and  the  oxide  grains,  variations  in  the  transport 
properties  could  be  observed. 

In  the  Y-doped  scales,  the  yttrium  profiles  were  determined  by  SIMS.  Yttrium  is  mainly 
localized  in  the  middle  of  the  scale.  Its  concentration  near  the  interfaces  metal/oxide  and 
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log  pOj  (atm) 
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FIGURE  2  (a)  and  2(b)  V-I  curves  and  variation  of  the  conductivity  with  the  p02. 


oxide/gaz  is  negligible.  It  was  not  possible  by  this  technique  to  determine  if  yttrium  was 
preferentially  localized  along  alumina  grain  boundaries  or  not.  Such  a  preferential 
localization  is  probable  if  it  is  referred  to  results  obtained  in  bulk  aluminas.^ 

According  to  Kroger,^  it  appears  that  the  yttrium  effect  on  the  ionic  transport  number  of 
alumina  depends  on  the  oxygen  pressure:  at  low  p02,  undoped  alumina  behaves  as  a  ionic 
conductor  when  Y-doped  alumina  behaves  as  an  electronic  conductor,  and  inversely  at 
high  p02. 

Thus,  in  the  case  of  our  doped  scales,  near  the  inner  interface,  yttrium  is  either  present 
(sample  b)  and  it  decreases  the  ionic  transport  number  from  ^  1  to  0.5,  or  is  not  present 
in  the  inner  part  of  the  scale  (sample  c)  and  does  not  modify  the  ionic  character  of  the 
alumina  scale.  Near  the  outer  interface,  the  same  analysis  can  be  made:  in  sample  b, 
yttrium  is  not  present  and  the  alumina  scale  keeps  its  electronic  character,  and  in  sample  c 
yttrium  must  be  somewhat  present  and  a  slight  increase  of  ti  is  observed.  In  the  middle  of 
the  scale,  zone  where  the  yttrium  content  is  maximum,  a  slight  increase  of  ti  is  observed 
compared  to  the  undoped  scale.  In  all  cases,  the  alumina  scales  behave  as  an  ionic 
conductor  near  the  substrate-oxide  interface  and  progressively  becomes  a  mixed  conductor 
(when  doped)  or  an  electronic  conductor  (when  undoped)  near  the  outer  oxide-gas 
interface.  The  ionic-electronic  transition  is  sharper  for  undoped  scales. 

Nevertheless  yttrium  effect  on  the  transport  properties  is  small  and  the  beneficial  effect 
of  such  an  element  on  the  oxidation  resistance  of  alumina  former  alloys  is  probably  related 
to  other  effects  due  to  the  presence  of  active  elements  (effect  on  the  mechanical  properties 
or  on  the  segregation  phenomena. . .).  This  is  in  agreement  with  the  results  recently 
obtained  on  the  oxygen  self  diffusion  in  undoped  or  doped  bulk  aluminas^  which  indicate 
that  yttrium  doping  has  a  small  influence. 
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FIGURE  3  Variation  of  ti  with  p02  for  doped  and  undoped  samples. 
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EFFECTIVE  DIFFUSION  COEFFICIENT  AND 
DIFFUSION-CONTROLLED  REACTIONS  IN 
INSULATING  SOLIDS  WITH  DEFECTS 
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The  expressions  for  effective  diffusion  coefficient  are  obtained  in  the  mean  field  approximation  for  two-phase 
system  for  spatial  dimensions  of  1,  2  and  3.  The  existence  of  potential  barrier  for  diffusion  on  the  phase  boundary 
was  taken  into  account  via  the  boundary  conditions.  Obtained  formulae  could  be  applied  in  the  theory  of 
diffusion-controlled  reactions  and  for  interpreting  the  experimental  data  on  defect  diffusion  in  two-phase  media. 

Key  words:  diffusion. 


1  INTRODUCTION 

The  effective  diffusion  coefficient  is  derived  in  the  present  work  for  the  case  of  different 
concentrations  of  diffusing  particles  in  the  matrix  and  inclusions  (two-phase  system).  At 
the  boundary  between  matrix  and  inclusions  therein  the  concentration  ratio  was  considered 
not  equal  to  the  unity,  but  is  approximately  equal  to  the  ratio  of  the  equilibrium  particle 
concentrations.  It  gives  one  possibility  to  consider  problems  with  different  potential 
profiles  for  diffusion  in  the  matrix  and  inclusions.  The  exact  expressions  for  the  EDC  are 
derived  in  mean  field  approximation  for  one-dimensional  diffusion  and  are  generalized  to 
for  spatial  dimensions  of  2  and  3. 


2  ONE-DIMENSIONAL  DIFFUSION 

Let  us  determine  the  effective  diffusion  coefficient  (EDC)  Dgff  in  the  ID  case,  supposing 
that  the  regions  with  diffusion  coefficients  Di  and  D2  are  placed  periodically.  Tlius,  we 
have  the  diffusion  problem  with  the  diffusion  coefficient  D(x)  =  D(x  +  L),  where  L  is  the 
periodicity  length.  To  determine  Deff,  the  eigenvalue  problem  should  be  solved 

^D(x)^(x)  =  -Ek'4(x),  (1) 

where  k  is  the  wave  vector.  Similarly  to  the  Kronig-Penny  model,  the  ID  diffusion  in  the 
absence  of  reflection  by  inclusions  is  considered  in  (1). 

The  function  1/;  can  be  represented  in  the  regions  I-III  as 

V'i(x)=Qie“'i’‘  +  Ae-‘’=i^  (2) 

where  ki  =  y^Ek/Dj,  for  i  =  1 , 2, 3.  To  obtain  aj , . . . ,  ft  we  use  the  following  boundary 

conditions  for  concentrations  in  the  points  xi,  X2 

t/)i(xi)  =  KV»n(xi),  ■0n(x2)  =  l/KV'in(x2),  (3) 
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as  well  as  periodicity  of  and  continuity  of  first  derivative.  Here  k  accounts  the  difference 
of  diffusion  potentials  in  matrix  and  inclusions.  Substituting  eq.(2)  into  eq.(3),  the 
condition  of  the  non-trivial  solution  existence  is  received  and  vanishing  xi ,  X2  and  X3  in 
such  a  way  that  Xi/L  =  1/2(1  —  (p),  X2  —  xi/L  =  0  and  X3  —  X2/L  =  1/2(1  —  0),  we 
arrive  at  the  expression  for  the  EDC 


Deff  ~ 


_ D1D2 _ _ 

D2(1  -  <t>f  +  Di<t^  +  (D2/K  +  KDi)(t>il  -  <t>) ' 


(4) 


This  approximation  means  coarse  graining  averaging  when  the  length  of  averaging  is 
much  greater  than  the  periodicity  length.  Let  us  consider  some  special  cases. 

1.  For  K^l  the  expression  for  the  EDC  has  the  form: 

Deff  =  —  </> +  — (1  (5) 

D2  Di 

This  result  coincides  with  that  in  the  Maxwell-Gamett  approximation.^ 

2.  For  </)  <C  1  from  eq.(4)  we  obtain 


Deff 


_ Di _ 

1  +  (1//^  +  «:Di/D2  —  2)0  * 


(6) 


If  K  0  (particles  are  trapped  by  inclusions)  or  k  00  (particles  are  reflected  from 
inclusions)  then  Deff  ^  0. 


3  MEAN-FIELD  APPROXIMATION 

The  expression  for  the  EDC  (4)  could  be  also  obtained  in  the  mean  field  approximation. 
Let  us  consider  the  whole  periodical  ID  system  as  consisting  of  three  regions.  Two  of 
them,  I  and  H,  are  the  same  as  in  the  previous  model,  i.e.  the  matrix  and  the  inclusion  with 
DCs  Di,  D2  and  particle  concentrations  Ci,  C2,  respectively.  These  two  regions  are 
embedded  into  the  third  region,  acting  as  an  effective  medium  with  the  concentration  Ceff 
and  DC  Deff.  The  flow  of  particles  through  the  system  is  assumed  to  be  stationary.  Solving 
the  diffusion  equation  in  the  stationary  case  we  have  the  solutions  for  all  regions: 

Ceff  =  -gX 

Ci^OLi+pi^  z  =  1,2,3  (7) 

The  relation  between  concentrations  on  the  boundaries  is  (the  boundaries  are  denoted  as 

Xi,  X2,  X3,X4) 

Cl  |x=X2“  ^  C2  |x=X2:  C2  |x=X3“  1/^  C3  |x=:X3  (8) 

Cl  |x=xi—  'n  Ceff  —  Xi, 

The  most  convenient  way  to  obtain  t)  is  to  use  conservation  law  for  the  particle  number.  It 
means  that  the  integrals  over  region  xi  —  X4  of  Ceff  and  Ci  —  C4  should  be  equal. 

Substituting  eq.(7)  into  conditions  (8)  and  demanding  the  continuity  of  flow  in  each 
point  X  one  can  easily  obtain 
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where  <?!)  =  (X3  —  X2)/(x4  -  xi).  Then  the  expression  for  77  is  derived 
_  D2(1  Di0  +  {1/k  -  1)(D2  -  /^Di)0(l  - 

D2{i  -  4>)  +  nr>i4> 


(10) 


Finally,  using  r]  from  (10)  in  eq.(9)  we  arrive  at  Deff  exactly  coinciding  with  eq.(4).  In 
principle,  this  approach  can  be  easily  generalized  for  spatial  dimensions  of  2  and  3. 

Assuming  that  a  ratio  between  mean  concentrations  is  the  same  as  for  concentrations  at 
the  boundary,  for  (Ceff)  we  have 


(Ceff)  =  (Ci)(l  -  +  (€2)^  =  r/(Ci).  (11) 

Using  (Cl)  =  /c(C2},  T)  could  be  easily  derived  as  77  =  1  —  0  +  Substituting  77  into 
generalized  for  any  dimension  d  we  arrive  at  the  expression  for  the  EDC 


Deff  = 


Di 


14- 


d<^(D2  -  «)Di) 


1  -  0  +  0/k  [  (d  -  1)D2  +  hDx  -  (D2  -  KDi)(t>\ 


(12) 


The  expressions  derived  could  be  used  for  interpreting  of  experimental  data  on  diffusion  of 
point  defects  in  inhomogeneous  media^  and  in  the  theory  of  diffusion-controlled  reactions. 
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In  this  work  we  perform  a  study  of  the  off-center  effect  on  the  diffusion  coefficient  and  we  propose  a  new 
mechanism  for  fast  diffusion.  The  model  assumes  that  the  equilibrium  positions  of  the  cationic  impurities  are 
noncenfral  and  ffiat  die  diffusion  proceeds  by  hopping  across  the  potential  barrier  along  the  nonlinear  paths  with 
nonlinear  paths  between  two  consecutive  positions  characterize  even  the  self- 
diffusion  and  furthermore,  in  the  off-center  diffusion  this  path  is  appropriate.  The  main  results  is  that  the  off- 
center  position  considerably  enhances  the  diffusion.  The  theoretical  diffusion  coefficients  have  been  obtained  by 
niodeling  the  potential  bamer.  Changes  of  the  configuration  entropy  and  the  vibration  spectra  due  to  the  presence 
of  the  noncenmal  impunty  are  included  in  the  model.  We  emphasize  the  good  agreement  of  the  model  with  the 
expenmental  data  for  KChCu  and  show  that  if  the  impurity  is  placed  close  to  the  central  site,  the  appropriate 
diffusion  coefficient  is  close  to  that  for  the  cationic  self-diffusion.  We  proceeded  in  the  Li+  cation  case  as  in  the 
case  of  Cu"^  cation. 


Key  words:  diffusion,  off-center  impurities. 


1  INTRODUCTION 

Extensive  studies  of  ionic  conductivity  and  self-diffusion  generally  accept  that  the  Frenkel 
disorder  is  the  type  of  point-like  defects  in  silver  halides  while  the  Schottky  disorder 
prevails  in  alkali  halides  with  a  NaCl-type  structure  [2].  Thus,  in  crystals  with  a  NaCl-type 
structure,  there  are  only  substitutional  impurities.  The  existence  of  interstitial  ionic 
impurities  is  improbable  in  these  crystals.  Also,  it  is  well-known  that  the  diffusion 
coefficients  of  the  Cu+  cation  in  the  NaCl  and  KCl  lattices  [3]  exceed  by  three  or  four 
orders  of  magnitude  the  corresponding  self-diffusion  coefficients  in  the  intrinsic 
temperature  regions  [4],  In  this  paper  [3],  no  explanation  is  given  for  the  great  difference 
between  the  impurity  diffusion  coefficient  and  the  self-diffusion  coefficient.  Nevertheless 
we  can  say  that  for  some  cationic  impurities  in  alkali  halide  crystals  the  nature  of  ionic 
defect  miration  is  not  yet  understood.  For  example,  the  large  diffusion  coefficient  for  Cu+ 
suggests  interstitial  diffusion  so  Cu+  may  be  interstitial  instead  of  substitutional.  In  this 
case,  optical  transitions  would  be  allowed  without  coupling  of  the  lattice  vibrations  since 
we  would  have  no  mversion  syrimietry.  But  this  interpretation  seems  unlikely.  Comparison 
of  the  Cu  band  in  NaCl  and  in  the  three  potassium  halides  shows  that  we  deal  with 
analogues  centers,  and  the  temperature  dependence  of  the  Cu+  band  in  NaCl  supports 
Seitz’s  model.  On  the  other  hand,  it  is  known  that  some  small-size  ions  (Cu+,  Ag+,  Li+ 
Na  ,  F  )  are  placed  off-center  in  some  host  lattice,  a  fact  that  might  throw  some  light  on 
their  diffusion  mechanism.  In  this  work,  we  perform  a  study  of  the  off-center  effect  on  the 
diffusion  coefficient  and  we  propose  a  new  mechanism  for  fast  diffusion. 

2  THE  DIFFUSION  COEFFICIENT  ON  NONCENTRAL  MONOVALENT 
IMPURITIES  RESULTS 

The  diffusion  coefficient  of  cationic  monovalent  impurities  at  high  temperatures  is  given 
by  the  vacancy-diffusion  mechanism  as  [2]: 
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HGURE  1(a)  The  potential  wells  of  the  off-center  impurity  on  (Ill)  direction  given  led  to  Wilson  and  his  co- 
workers  [5]: 


D+  =  2fd"i^+  exp(-AG./2kT  -  AG„/kT), 


(1) 


Obviously,  all  these  parameters  have  different  values  for  the  noncentral  case.  It «  obvious 
that  the  Impurity  ion  will  jump  from  one  off-center  position  to 
positions  are  separated  by  the  potential  barrier  (H„).  The  idea  of  modeling  the  potential 
barrier  for  the  specific  situation  in  crystals  is  based  on  the  possibility  of  operating  i^on  «<,. 
This  possibility  must  take  into  account  the  particularities  of  the  either  such  off-center 


FIGURE  1(b)  The  shape  of  potential  curve  on  the  jump  direction  as  that  given  in  [9]  is  shown  together  with  the 
[0,  <i/2l  part 

given  by  h{x)  =  for  x  €  [0,  Xi]and  h?  W  =  -  f  [cos  ^  -  1]  for 

X  e  [Xi,  d/2]  d(/)  =  ^/2c-  2- p-  cos(a).  The  extension  to  the  domain  [o.dl  is  done  by  symmetry. 
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FIGURE  2  The  logarithm  of  the  diffusion  coefficient  for  Cu+  in  KCl  lattice  .  a — the  experimental  curve  [3J:  b — 
the  theoretical  curve  with  Cu+  placed  in  off-center  position  (/  =  1.36  lO^^^m,  Hi  =  0.21  eV):  c — the  theoretical 
curve  with  Cu"'"  placed  in  on-center  position  ;  d — the  experimental  curve  for  K"*"  [4]. 


impurity:  / — the  off-center  displacement  of  the  impurity  and,  Hi — the  potential  difference 
between  the  central  and  off-center  positions.  Wilson  et  al.  [5]  took  the  off-center  potential 
in  the  ( 111)  direction  to  be  a  simple  well  potential  (see  Figure  la).  We  consider  that,  on 
the  (1 10)  direction  (the  jump  direction),  this  off-center  potential  may  be  described  hyh(x) 
for  the  proximity  of  the  equilibrium  position  (see  the  Figure  lb)  as  a  projection  of  Wilson’s 
potential.  By  this  projection  we  found  the  parameter  a  =  a{l,Hi)  obliging  the  graphic 
of  the  hmction  h(x)  to  cross  the  point  (a  cos  a  — cos  (tt/I  -  a), 
pcos(|  —  a)  cosa.  The  parameter  a  is  the  angle  between  (111)  direction  and 
( 110)  direction.  Generally,  the  potential  barrier  which  opposes  the  impurity  migration  has 
a  height  given  by  the  cosine-type  curve  {Hq)  (see  h^{x)  in  the  Figure  lb).  Smoothly  joining 
the  functions  h(x)  and  h^{x)  one  obtains  the  potential  barrier  Hq.  One  knows  that  the 
potential  barrier  which  opposes  the  jump  of  the  impurity  from  one  equilibrium  position  to 
another  is  tight-bonded  to  the  interactions  of  this  impurity  with  the  ions  of  the  lattice.  We 
consider  that,  in  the  above  determination  of  the  potential  barrier  value,  one  should  take  into 
account  this  condition  through  the  /  and  Hi  parameters  which  are  the  result  of  the  delicate 
balance  of  the  interaction  energy  created  by  the  substitution  of  the  host  ion  with  the 
impurity.  The  final  form  of  the  diffusion  coefficient  (eq.l)  is: 


exp( 


AS^ 


config 


+  l^‘'+  +  +  Ho-  eA$)], 


k 
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FIGURE  3  The  logarithm  of  the  diffusion  coefficient  for  Li+  in  KCl  lattice,  a— the  theoretical  curve  with  Li+ 
placed  in  off-center  position  (I  =  1.16  10“^*^  m,  Hi  =  0.11  eV);  b — the  expermiental  curve  [11];  c — the 
theoretical  curve  with  Li"^  placed  in  on-center  position;  d — the  experimental  curve  for  K''"  [4]. 


where  we  taken  into  account  of  the  increase  of  the  local  Helmholtz  phononic  free  energy  of 
the  impurity  environment  as  a  consequence  of  the  vacancy  occupation,  the  contribution  to 
the  change  of  the  environment  entropy  due  to  the  eight  specific  equiprobable  positions  of 
the  off-center  along  the  ( 111)  directions:  A^config  ~  =  kln^  ^  2.0794  k  and  the 

decrease  of  the  potential  barrier  Ho  due  to  the  electrostatic  interaction  with  the  vacancy 
which  there  is  in  the  proximity  of  the  impurity  at  the  previous  moment  of  the  jump  (eA$). 
The  d  is  the  length  of  the  jump,  i/+  is  the  vibrational  frequency  of  the  impurity  and  AHs, 
ASs  represent  enthalpy  and  entropy  of  the  Schottky  defect  formation.  To  obtain  a  good 
correlation  between  theoretical  (last  eq.)  and  experimental  estimates  of  the  diffusion 
coefficient  of  Cu+  [3],  we  made  the  assumption  that  Hi  increases  in  value  when  /  increases 
(/  values  found  in  the  literature  [6,  7,  8]).  This  assumption  is  equivalent  to  the  ‘deep  off- 
center’  hypothesis  [9].  The  values  of  Ho  obtained  in  this  way  are  close  to  those  obtained  by 
Meng  and  his  co-workers  [10]  using  the  Buckingham  potential.  The  logarithm  of  the 
diffusion  coefficient  versus  temperature  obtained  by  the  present  model  is  given  in  Figure  2. 
For  a  better  understanding  of  the  effect  of  the  noncentral  configuration  on  the  diffusion 
coefficient  let  suppose  that  the  Cu^  ion  occupies  a  normal  substitutional  site.  With  this  in 
mind,  last  eq.  remains  valid,  but  the  parameters  Ho,  d  and  A$  should  be  estimated  by 
using  the  smallest  value  for  /(/  ^  0).  In  this  case,  we  give  up  the  configurational  term  of 
the  entropy.  It  is  not  surprising  that  the  diffusion  coefficient  computed  in  this  way  is  closer 
to  the  cationic  self-diffusion  (see  Figure  2).  Now,  we  can  conclude  that  the  diffusion 
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coefficient  of  impurities  depend  strongly  on  the  displacement  of  impurities  from  the  central 
position.  The  major  difference  between  the  impurity  diffusion  coefficient  and  the  self¬ 
diffusion  arises  from  the  privileged  off-center  position.  The  same  method  was  used  to  find 
the  diffusion  coefficient  of  Li+  in  the  KCl  lattice.  We  emphasize  the  good  agreement  of  the 
model  with  the  experimental  data  [11]. 
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INTERNAL  REDUCTION  OF  POLYCRYSTALLINE 
Cr-DOPED  ALUMINA 
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Chromium  precipitates  generated  by  controlled  internal  reduction  of  (Al,Cr)203  polycrystals  are  used  as 
indicator  for  the  occurrence  of  DIGM  (diffusion-induced  grain  boundary  migration)  in  this  material.  Asymmetric 
precipitate-free  zones  limited  at  one  side  by  a  grain  boundary  are  observed  inside  the  reduction  scale.  This 
observation  is  ascribed  to  diffusion  induced  migration  of  the  grain  boundaries,  defect  relaxation  in  the  oxygen 
potential  gradient  being  the  driving  force. 

Key  words:  DIGM,  internal  reduction,  ruby,  alumina. 


1  INTRODUCTION 

Upon  exposure  of  a  polycrystalline  oxide  to  an  oxygen  activity  different  from  its 
equilibrium  activity,  defect  relaxation  takes  place.  Normally,  this  relation  is  faster  along 
grain  boundaries  than  in  the  bulk.  Under  such  conditions,  the  grain  boundaries  close  to  the 
outer  surface  can  migrate,  leaving  in  the  overswept  zones  an  oxide  material  with  defect 
concentrations  close  to  the  new  equilibrium  values,  while  in  front  of  the  migrating 
boundary  the  defect  concentrations  remain  unchanged.  This  process  is  generally  known  as 
‘diffusion  induced  grain  boundary  migration’,  DIGM,  when  referring  to  solute  diffusion 
into  a  matrix.  In  the  past  several  attempts  were  made  to  demonstrate  the  occurrence  of 
DIGM  in  oxides,  but  only  few  results  were  reported.^  For  instance,  diffusion  induced 
recrystallisation  of  oxide  surfaces  was  reportedly  identified^  and  denied"^  for  the  same 
experimental  conditions. 

In  the  present  work,  small  chromium  precipitates  formed  during  internal  reduction  of 
chromium-doped  alumina  are  used  as  indicators  of  boundary  migration.  It  is  then  possible 
to  study  the  dependence  of  grain  boundary  motion  on  applied  oxygen  potential  gradient, 
temperature  and  crystal  orientation. 


2  INTERNAL  REDUCTION  OF  (Al,  Cr)203 

Upon  the  exposure  of  chromium-doped  alumina  to  sufficiently  low  oxygen  partial 
pressure,  a  dispersion  of  metallic  chromium  forms  inside  the  alumina  matrix,  as  a 
reduction  scale  growing  from  the  outer  surface  into  the  bulk  of  the  sample.  The  outer 
surface  and  the  reaction  front  act  as  sink  and  source  for  the  point  defect  fluxes  across  the 
scale:  At  the  outer  surface,  gaseous  oxygen  is  liberated,  while  metallic  chromium  is  formed 
at  the  reaction  front,  see.^ 

The  same  reaction  mechanism  can  be  applied  to  the  grain  boundaries,  the  only 
differences  being  that  metal  nucleation  is  heterogeneous  and  easier  stress  relaxation  can 
occur.  As  a  consequence,  metal  precipitates  in  the  grain  boundaries  have  larger  average 
size  than  in  the  bulk.  Since  oxygen  diffusion  along  the  grain  boundaries  is  faster  than  bulk 
diffusion  of  the  defects  considered,  the  ‘grain  boundary  reaction  front’  penetrates  much 
faster  into  the  sample.  Diffusion  leakage  from  the  grain  boundaries  into  the  volume  must 
be  considered. 
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FIGURE  1  Polished  cross  section  of  a  (Al,  Cr)203  sample  with  3cat%  chromium  after  being  reduced  at  1873  K 
for  100  h  in  an  AI/AI2O3  buffer.  White  spots  of  the  SEM  image  correspond  to  metallic  chromium,  while  the 
darker  regions  inbetween  the  dark-grey  grains  are  the  chromium  depleted  regions  which  are  overswept  by  the 
migrating  boundary. 


3  EXPERIMENTS 

Homogeneous  (Al,  €1)203  poly  crystals  with  3,  6  and  10  cat%  chromium  (grain  size 
10—50  /xm,  density  97-99%)  are  cut  and  equilibrated  in  air  at  the  reaction  temperature  for 
at  least  250  h,  to  establish  defined  defect  concentrations  everywhere  inside  the  sample  and 
to  stabilise  the  microstructure  and  avoid  recrystallisation  and  grain  growth  during  the 
reduction  anneals.  Their  surface  is  then  mirror-polished.  TEM  lattice  plane  imaging  of 
several  grain  boundaries  and  triple  junctions  shows  that  no  amorphous  film  is  present 
between  the  a-alumina  grains. 

Reduction  experiments  are  then  performed  in  closed  reaction  chambers,  at  temperatures 
between  1673  K  and  1973  K,  for  1  h  to  100  h.  The  equilibrium  oxygen  activity  is  set  by 
metal/oxide  buffers,  alumina/aluminium  and  titanium  oxide/titanium.  All  reacted  samples 
are  cross-sectioned  normal  to  their  outer  surface  and  characterized  by  optical,  scanning 
electron  and  transmission  electron  microscopy. 


4  EXPERIMENTAL  RESULTS 

Upon  reduction,  the  crystal  surface  turns  from  pink  to  black,  indicating  the  presence  of 
metallic  chromium.  Polished  cross  sections  reveal  the  presence  of  a  reduction  scale,  the 
growth  kinetics  of  which  obey  a  parabolic  rate  law,  see.^ 

At  the  same  time,  grains  of  pure  alumina  form  on  the  surface  of  the  initially  polished 
sample,  regardless  of  buffer  used.  Figure  1.  Their  size  is  not  homogeneous  and  tends  to 
increase  with  reaction  time. 

Below  the  initial  surface,  TEM  observations  show  Cr-metal  precipitates  (bcc  chromium 
containing  less  than  2%  aluminium)  regularly  distributed  inside  the  grains.  Their  size 
ranges  from  a  few  nanometers  to  several  hundred  nanometers.  Details  on  distribution, 
morphology  and  orientation  of  these  precipitates  are  reported  in.^ 

Large  chromium  precipitates,  up  to  one  micron  in  size,  are  detected  in  the  grain 
boundaries  and  at  triple  junctions.  Figure  2.  Close  to  grain  boundaries  a  precipitate-free 
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FIGURE  2(a)  TEM  image  of  a  grain  boundary  area  next  to  the  outer  surface  of  a  reduced  sample  of  (Al,  Cr)203 
showing  the  migration  distance  of  the  bondary  by  the  chromium  precipitate  depletion  in  this  zone.  (1  //m  =  1  cm) 


zone  of  variable  width  is  observed,  which  contains  only  few  larger  precipitates  and  is 
completely  depleted  in  chromium  (Figure  2).  In  all  cases,  the  grain  boundary  limits  the 
depleted  zone  at  one  side  (SEM  on  chemically  etched  bulk  specimens  or  TEMX  The  locus 
of  the  discontinuity  in  chromium  concentration  in  the  grain  can  be  identified  as  the  original 
grain  boundary  position. 


5  DISCUSSION 

The  region  depleted  in  chromium  precipitates,  which  forms  asymmetrically  at  the  grain 
boundaries,  is  interpreted  as  the  result  of  the  oversweeping  motion  of  the  grain  boundary 
during  reduction.  Despite  variations  from  one  boundary  to  the  next,  general  tendencies  can 
be  identified  about  grain  boundary  motion:  Close  to  the  outer  surface,  it  is  very  slow, 
increases  to  a  maximum  velocity  value  of  about  2  10“^  cm/s  in  deeper  zones  and 
progressively  slows  down  to  zero  at  the  reduction  front.  The  direction  of  migration  of  the 
grain  boundary  does  not  appear  related  to  the  size  and  shape  of  the  grains.  However,  cross- 
sectional  observations  by  TEM  indicate  that  the  migration  of  the  boundary  is  more 
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FIGURE  2(b)  Concentration  profile  across  the  grain  boundary. 


important  when  the  c-axis  of  the  grains  are  perpendicular  to  each  other.  This  indicates  that 
diffusional  transport  perpendicular  to  the  grain  boundary  plane  and  local  gradients  at  the 
boundary  are  critical  parameters  for  the  observed  grain  boundary  migration,  which  cannot 
be  explained  in  terms  of  elastic  strain  fields  or  precipitate  recrystallisation. 
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The  second-order  elastic  constants  of  AgBr  have  been  measured  from  20° C  to  400° C.  Over  this  range,  C'u 
decreased  by  50%,  C'  decreased  by  86%,  C44  decreased  by  23%,  Cn  decreased  by  61%,  C12  decreased  by  43%, 
and  Bs  decreased  by  51%.  The  decreases  in  the  elastic  constants  are  linear,  as  expected,  until  approximately 
200°C,  whereupon  they  all  begin  to  decrease  more  rapidly  than  linearly.  The  variations  from  linearity  range  from 
4%  to  31%  at  400° C.  This  anomalous  behaviour  near  the  melting  point  is  similar  to  other  silver  halide  physical 
properties  and  may  be  attributed  to  the  unusually  high  defect  concentration.  Similar  elastic  constant  changes  are 
seen  in  superionic  conductors  near  the  superionic  transition,  indicating  that  the  silver  halides  may  be  starting  the 
transition  to  a  superionic  state  when  the  halide  sublattice  melts  and  the  transition  is  frustrated. 

Key  words:  Elastic  constants,  silver  halides,  AgBr. 


1  INTRODUCTION 

Many  properties  of  the  silver  halides  such  as  thermal  expansion^  and  ionic  conductivity^ 
show  anomalous  increases  near  the  melting  point.  These  increases  have  been  explained  in 
terms  of  a  temperature  dependent  Gibbs  free  energy  of  Frenkel  defect  formation  which 
allows  a  larger  than  normal  number  of  defects  near  the  melting  point.  Anomalous  changes 
in  the  elastic  properties  of  these  materials  might  also  be  expected,  since  elastic  constants 
provide  valuable  information  about  interatomic  forces  and  lattice  defects.  Previous 
measurements  of  the  elastic  constants  of  AgCl  and  AgBr  have  indicated  anomalous 
decreases  in  elastic  constants  near  the  melting  point.^’^  We  would  like  to  report 
measurements  of  the  second-order  elastic  constants  of  AgBr  from  20°C  to  400°C.  These 
measurements  were  undertaken  partly  because  of  concerns  about  the  bonding  technique 
used  in  the  previous  AgBr  study  where  the  surface  of  the  crystal  was  melted  to  attach  the 
transducer. 


2  EXPERIMENTAL  PROCEDURE 

The  single  crystal  used  was  grown  by  Charles  Childs  at  the  University  of  North  Carolina- 
Chapel  Hill.  The  crystal  had  a  (1 10)  axis.  Measurements  were  made  using  the  Me  Skimin 
Pulse-Superposition  technique.^  Ultrasonic  waves  were  generated  by  10  MHz  X-  and  Y- 
cut  quartz  transducers  attached  to  the  crystals  with  Sonotemp  (Echo  Ultrasound,  Inc).  The 
crystals  were  heated  in  a  furnace  in  a  helium  atmosphere.  The  elastic  constants  were 
determined  by  multiplying  the  density  of  the  sample  (6.476  g/cm^  at  room  temperature)  by 
the  square  of  the  appropriate  sound  wave  velocity.  The  thermal  expansion  values  used  to 
correct  for  the  temperature  dependence  of  the  density  and  path  length  in  the  crystal  were 
taken  from  Ref.  1. 
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FIGURE  1  The  longitudinal  elastic  constant  Cjj  versus  temperature,  o,  present  measurements;  x,  from  Ref.  4 
and  •  from  Ref.  6.  The  solid  line  is  a  least-squares  fit  to  the  data  below  200° C. 


3  EXPERIMENTAL  RESULTS 

The  silver  halides  have  the  face-centered  cubic  structure.  They  thus  have  three  independent 
second-order  elastic  constants:  Cn,  C12  and  C44.  These  can  all  be  determined  from  the 
velocities  of  the  pure  sound  waves  propagated  in  the  (110)  direction.  Several 
measurements  were  made  of  each  elastic  constant.  These  measurements  were  combined 
to  produce  a  best  set  of  elastic  constants,  which  are  shown  in  Table  I. 

The  longitudinal  elastic  constant  Cn  decreased  by  61%,  the  longitudinal  constant 
C'lj  =  (Cii  -t-  C12  +  2C44)/2  decreased  by  50%,  the  constant  C12  decreased  by  43%,  the 
shear  constant  C44  decreased  by  23%,  the  shear  constant  C  =  (Cn  -  Cn)!!  decreased  by 
86%,  and  the  bulk  modulus  Bs  —  (Cn  +  2Ci2)/3  decreased  by  51%  over  the  temperature 
range.  The  decreases  in  the  elastic  constants  are  linear,  as  expected,  until  approximately 
200° C,  whereupon  all  the  constants  begin  to  decrease  more  rapidly  than  linearly.  Figure  1 
shows  the  contant  C\j  versus  temperature.  This  figure  is  representative  of  the  anomalous 
changes  in  all  the  elastic  constants.  The  data  below  200°C  for  each  elastic  constant  was  fit 
by  a  least  squares  method  to  determine  the  temperature  derivative  of  the  elastic  constant. 
These  values  were  in  good  agreement  with  previous  room  temperature  and  high 
temperature  measurements  on  AgBr.^’^  The  fitted  lines  also  allowed  the  determination  of 
the  anomalous  variation  of  the  elastic  constants  from  linearity  at  400° C:  Cn  decreased  by 
28.2%,  C'li  by  26.2%,  C44  by  4.3%,  C  by  11.4%,  C12  by  31%  and  Bs  by  30%  below  the 
expected  linearity.  These  changes  are  similar  to,  but  smaller  than,  the  changes  in  AgBr 
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measured  previously,"^  thus  indicating  some  effect  due  to  the  bonding  procedure  used  in 
the  previous  measurements. 


Table  I 

The  second-order  elastic  constants  of  AgBr  in  units  of  10^^  dyn/cm^. 


Temperature  (°C) 

C,i 

C12 

C44 

C 

^11 

C 

Bs 

20 

0.560 

0.404 

50 

0.543 

■tllMIM 

0.1106 

0.396 

100 

0.510 

0.314 

0.0694 

0.481 

0.0977 

0.379 

150 

0.475 

0.308 

0.0675 

0.459 

0.0837 

0.363 

200 

0.440 

0.298 

0.0656 

0.435 

0.0712 

0.345 

250 

0.396 

0.283 

0.0634 

0.403 

0.0567 

0.321 

0.342 

0.256 

0.0610 

0.360 

0.0430 

0.285 

350 

0.282 

0.224 

0.0585 

0.312 

0.0293 

0.243 

400 

0.219 

0.187 

0.0557 

0.259 

0.0163 

0.197 

4  DISCUSSION 

These  measurements  of  the  second-order  elastic  constants  of  AgBr  show  that  the 
behaviour  of  the  elastic  constants  becomes  anomalous  near  the  melting  point.  Just  as  for 
the  other  physical  properties,  this  anomalous  behaviour  may  be  attributed  to  the  unusually 
high  defect  concentration  near  the  melting  point.  Previous  results  for  the  elastic  constants 
of  AgCl  showed  similar,  but  smaller,  changes.^  The  larger  changes  in  AgBr  are  expected 
due  to  the  larger  number  of  defects  in  AgBr  near  the  melting  point.  Similar  changes  in 
elastic  constants  are  seen  in  superionic  conductors  near  the  transition  into  the  superionic 
state:  large  decreases  in  Cn  and  C',  but  only  small  changes  in  €44.^’^  This  may  indicate 
that  the  silver  halides  are  just  starting  the  transition  to  the  superionic  state  when  the  halide 
sublattice  melts  and  the  transition  is  frustrated. 
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SCHOTTKY  BARRIERS  IN  SUPERIONIC  CRYSTALS 
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The  phenomena  of  Schottky  barrier  creation  in  RbAg4l5  are  studied.  Luminescence  with  high  spatial  resolution  is 
used  as  a  tool  for  investigation  of  the  process  on  the  blocking  electrode-solid  electrolyte  boundary.  The  profile  of 
the  distribution  of  electronic  centers  near  the  contact  region  is  measured.  The  presence  of  electrons  and  ions  in  the 
depletion  region  at  the  interface  between  the  RbAg4l5  and  the  graphite  electrode  is  established  and  interpreted 
within  the  framework  of  the  modified  Schottky  model.  The  kinetics  of  the  creation  of  Schottky  barriers  is 
measured  and  described  by  taking  into  account  the  presence  of  self-trapped  electrons  and  mobile  silver  ions  in 
RbAg4l5.  It  is  shown  that  the  small  value  of  the  self-trapped  electron  difftision  coefficient  {Dst  I  x  10“®cm^/ 
sec)  limit  the  kinetics  of  the  process  of  creation  of  Schottky  barriers. 

Key  words:  Schottky  barrier,  self-trapped  electrons,  ambipolar  diffusion. 


1  INTRODUCTION 

Superionic  conductor  heterojunction  research  is  a  new  and  important  area  of  research  of 
solid  state  ionics.  One  form  of  heterojunction  considered  here,  namely,  the  metal- 
superionic  conductor  Schottky  barrier  junction,  is  most  important  for  solid  electrolytes. 
The  situation  before  contact  between  electronic  conductor  and  a-RbAg4l5  is  the  same  as 
for  nonsuperionic  phase  of  RbAg4l5.  The  Fermi  level  for  electrons  in  Q;-RbAg4l5  (^se)  is 
above  the  Fermi  level  for  electrons  in  graphite  ($c)  by  the  amount  of  ($c;  —  ^se)-  After 
the  contact,  a  redistribution  of  charge  occurs.  To  create  the  diffusion  potential  the  self- 
trapped  electrons  together  with  ions  come  from  the  extent  near  contact  region.  In 
accordance  with  this  the  creation  of  near  contact  depletion  region  can  be  described  by  the 
process  of  one  dimensional  diffusion  of  self-trapped  electrons  and  surrounding  silver  ions 
to  the  boundary  from  the  bulk.  For  electrical  neutrality,  the  change  of  the  concentration  of 
silver  ions  is  the  same  as  the  change  of  the  concentration  of  electrons.  Due  to  this  the  small 
concentration  of  electrons  determines  the  extent  and  time  dependence  of  formation  of  the 
depletion  region. 

With  the  aim  of  studying  of  kinetics  of  creation  of  Schottky  barriers,  the 
photoluminescence  was  measured  at  13  K  as  a  function  of  time  at  room  temperature. 
The  photoluminescence  studies  were  made  in  near  electrode  region  with  high  spatial 
resolution.  By  means  of  an  optical  system,  the  light  beam  was  focused  of  an  area  of 
150  X  100  p,w3.  The  luminescence  was  analyzed  with  a  double  grating  monochromator 
and  detected  by  a  photomultiplier.  In  accordance  with  the  results  obtained  in^^  the 
emission  bands  at  Xpn  =  387  nm  and  =  397  nm  may  be  attributed  to  the  centers 
involving  silver  vacancies  and  the  emission  bands  at  Xpa  =  437  nm  and  A^/4  =  462  nm  are 
associated  with  centers  whose  composition  involve  interstitial  silver.  To  get  information 
about  the  mechanism  and  time  dependence  of  Schottky  barrier  formation  the 
photoluminescence  spectra  were  measured  with  high  spatial  resolution  in  near  contact 
region  of  RbAg4l5. 

For  this  experiment  the  graphite  was  deposited  on  the  end-face  of  the  sample  with  8  mm 
length  and  3x4  mm^  cross-section.  Figure  1  shows  the  photoluminescence  spectra  after 
an  elapse  of  65  hours  from  graphite  deposition  which  are  measured  at  different  distances 
from  the  contact.  From  Figure  1,  it  is  seen  that  the  intensity  of  the  luminescence  bands  at 
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FIGURE  1  Photoluminescence  spectra  after  an  elapse  of  65  hours  from  electronic  conductor  deposition  as 
measured  on  a  distance  150  nm  (curve-1),  400  fxm  (curve-2),  650  fim  (curve-3),  900  ^m  (curve-4),  1150  {xm 
(curve-5),  1400  fim  (curve-6)  and  1650  fim  (curve-7)  from  the  contact. 


Ap/i  =  387  nm  and  A^/i.i  =  397  nm  increases  in  the  near  contact  region.  The  intensity  of 
these  luminescence  bands  decreases  as  a  function  of  distance  from  the  contact  and  in  a 
distance  1650  pm  the  photoluminescence  spectrum  looks  like  the  spectrum  from  primary 
sample.  In  our  previous  study  ^  it  has  been  shown  that  the  photoluminescence  in  the 
spectral  region  3800-4150  A  is  associated  with  luminescence  centers  whose  composition 
involve  silver  vacancies  and  the  integral  intensity  in  this  spectral  region  is  proportional  to 
the  lack  of  silver.  In  accordance  with  this  die  integr^  intensity  in  spectral  region 
3800-4150  A  at  some  distance  from  contact  is  proportional  to  the  lack  of  silver  (or  to  the 
concentration  of  silver  vacancies  at  this  distance).  Dependence  on  the  distance  from  the 
contact  gives  the  profile  of  relative  concentration  of  silver  vacancies  in  the  RbAg4l5 
sample  after  graphite  deposition.  Figure  2  shows  the  experimental  result  of  the  distance 
dependence  of  the  relative  concentration  of  silver  vacancies  in  the  RbAg4l5  sample  after  an 
elapse  of  65  hours  from  graphite  deposition  at  temperature  295  K  and  fitting  of  analytical 
curve  to  the  experimental  data.  To  get  a  value  of  the  diffusion  coefficient  of  self-trapped 
electrons  and  surrounding  them  silver  ions,  the  calculated  curve  for  solution  of  the 
diffusion  equation  is  fitted  to  the  experimental  data  by  using  the  D  as  fitting  parameter.  For 
this  procedure  the  value  of  self-trapped  electron  diffusion  coefficient  is  obtained  to  be 
De  —  0.96  X  10“^cm^/sec  at  temperature  295  K. 
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FIGURE  2  Relative  concentration  of  silver  vacancies  as  a  function  of  distance  from  contact  as  measured  after 
elapses  of  27  hours,  65  hours  and  102  hours  from  graphite  deposition  and  fitting  of  analytical  solution  of  one 
dimensional  diffusion  equation  to  the  data  (curve-2,  curve-3  and  curve-4).  Curve- 1  shows  the  relative 
concentration  of  silver  vacancies  after  an  elapse  of  6  hours  from  graphite  deposition. 


To  get  information  about  the  kinetics  of  the  creation  of  Schottky  barrier  and  near  ~ 
electrode  depletion  region  in  a-RbAg4l5  the  measurements  of  the  distribution  of  the 
photoluminescence  bands  intensity  in  near  contact  region  were  done  as  a  function  of  time 
from  graphite  deposition.  Figure  2  shows  the  experimental  result  of  the  distance 
dependences  of  the  relative  concentrations  of  silver  vacancies  after  elapses  of  6  hours, 
27  hours,  65  hours  and  102  hours  from  graphite  deposition  (curve- 1,  2,  3  and  4, 
respectively).  The  fitting  of  the  calculated  curve  to  experimental  data  gives  the  value  of 
diffusion  coefficient  of  De-{\±  0.2)  x  lO'^cm^/sec  to  the  process  of  one  dimensional 
diffusion  of  self-trapped  electronsin  a-RbAg4l5  at  295  K  (Figure  2).  The  calculation  of 
diffusion  coefficient  from  concentration  profile  was  carried  out  by  using  Tick’s  second 
law.  This  value  is  in  a  good  agreement  with  a  value  of  self-trapped  electron  diffusion 
coefficient  Dg  =  (1.7  ±0.7)  x  10“^cmVsec  measured  in  our  previous.^ 

In  accordance  with  this  the  creation  of  Schottky  barrier  and  of  the  depletion  near  contact 
region  in  Q!-RbAg4l5  takes  place  due  to  the  diffusion  of  self- trapped  electrons  from  solid 
electrolyte  into  graphite.  A  redistribution  of  charge  and  diffusion  takes  place  until  the 
Fermi  levels  in  both  materials  are  at  the  same  position.  The  value  of  potential  barrier  is  due 
to  the  difference  in  the  values  of  work  functions  for  electrons  in  graphite  and  RbAg4l5,  but 
the  properties  of  the  barrier  are  determined  by  the  presence  of  mobile  silver  ions.  Really, 
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there  is  no  distributed  charge  in  near  contact  region  of  Q!-RbAg4l5,  since  the  charge  of 
ionized  donors  are  screened  by  the  redistribution  of  mobile  silver  ions.  And  on  the  solid 
electrolyte  side  the  charge  appears  as  a  surface  charge.  Due  to  this  in  Q;-RbAg4l5  the 
barrier  capacitance  {Csup  -  10“^F)  is  much  more  higher  than  in  semiconductors  and  in 
nonsuperionic  phase  of  RbAg4l5.  In  this  case  it  needs  much  more  big  amount  of  electrons 
for  formation  of  diffusion  potential  (Vd  —  0.25  V) 

~  14  X  Csup  ^  2.5  X  lO-^g/cm^  2  x  lO^^e/cm^  (1) 


For  a  real  sample,  the  deposition  of  an  electronic  conductor  on  the  surface  of  a-RbAg4l5 
will  change  the  properties  of  the  sample  drastically.  For  the  formation  of  the  diffusion 
potential  it  needs  about  10^^  electrons  per  cm^  to  diffuse  from  the  bulk  to  the  boundary  and 
enter  the  electronic  conductor.  At  the  same  time,  the  electronic  conductivity  of  a-RbAg4l5 
is  small  (ae  3  x  10“^  (ohm  x  cm)"^)  and  the  concentration  of  mobile  electrons  is  small 
(rist  ~  10^^  lO^^crn"^),  too.  In  accordance  with  this  if  the  thickness  of  the  sample  Lsampie 

is  small,  of  the  order  of  Q^uplnst  (Lsampie  <  0.1  mm),  then  it  needs  approximately  all  mobile 
electrons  to  diffuse  from  the  bulk  to  die  boundary  for  formation  of  the  diffusion  potential. 
In  this  case  the  deposition  of  electronic  conductor  leads  to  the  depletion  of  sample  by 
mobile  electrons  and  ions  and  to  shift  of  the  position  of  Fermi  level. ^ 

To  describe  this  phenomenon  let  us  consider  the  process  of  screening  of  ionized  donors 
in  a-RbAg4l5.  As  pointed  out  earlier,  the  charge  of  the  ionized  donors  is  screened  by  ions 
leaving  from  positions  surrounding  donor  together  with  the  electrons  from  this  donor.  But 
this  is  the  same  as  a  transformation  of  the  structure  of  donor  centers  and  the  same  as  a 
decrease  of  the  concentration  of  donors  in  the  sample.  Due  to  this  the  new  position  of 
Fermi  level  (/x)  and  the  value  of  work  function  depend  on  the  sample  size  Lsampie 
and  on  the  value  of  diffusion  potential  (fj).  At  the  same  time  the  value  of  the  diffusion 
potential  depends  on  the  value  of  the  work  function  of  RbAg4l5. 

In  a  simple  approach  when  the  sample  depletion  and  the  decrease  of  the  concentration 


of  donors  in  the  sample  is  small  <  N%.  Then,  the  correction  to  the  value  of 


■^sample. 


diffusion  potential  (Vd)  and  to  the  position  of  the  Fermi  level  (/x)  is  small,  too.  Really, 
from  the  simple  calculations,  it  follows  that  the  new  value  of  the  position  of  the  Fermi 
level  is  /  ^  ^  v  \ 

^  /  V^Csup  \  kT  VFC!up{eV,°  +  >^T)\ 

^  2  \eLsampleN§)  2  I  e{eLsampleN%f  )’ 


(2) 


where  the  quantities  ^  is  of  the  same  order  of  magnitude  as  the  correction 


2  sample 

of  the  concentration  of  donors,  and 


e  {cLgdfnple  iV2  ) 


is  a  second-order  correction.  Thus 


the  first-order  correction  gives  the  shift  of  the  position  of  Fermi  level  in  RbAg4l5  sample 
after  the  deposition  of  an  electronic  conductor.  It  is  seen  that  the  shift  of  the  Fermi  level 
and  the  sample  depletion  are  proportional  to  the  value  of  the  diffusion  potential  and  are 
inversely  proportional  to  the  thickness  of  the  sample. 


2  CONCLUSION 

New  phenomena  of  formation  of  extent  (r^  0.1-1  mm)  depletion  near  contact  region  in 
RbAg4l5  are  discovered  and  investigated.  It  is  found  that  the  blocking  electrode  deposition 
on  the  surface  of  the  sample  leads  to  the  transformation  of  concentration  and  of  structure  of 
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luminescence  centers  and  to  the  decrease  of  the  concentration  of  mobile  silver  ions  and 
electrons  in  parallel  in  near  surface  region.  If  the  extent  of  the  sample  is  smaller  than  the 
extent  of  depletion  region  in  RbAg4l5  (~  1  mm)  then  the  deposition  of  electronic 
conductor  leads  to  the  depletion  of  sample  by  mobile  electrons  and  ions  and  to  shift  of  the 
position  of  Fermi  level.  It  is  shown  that  the  small  concentration  of  electrons  determine  the 
extent  and  time  dependence  of  formation  of  depletion  region.  The  value  of  self-trapped 
electron  diffusion  coefficient  is  obtained  to  be  De  =  [\±  0.2)  x  10“^cm^/sec. 
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This  paper  reports  the  behaviour  of  electrical  conductivity  of  a  Chromium  doped  a-LilOa  crystal  perpendicular  to 
c-axis  from  room  temperature  up  to  the  melting  point.  Our  results  indicate  that  the  sample  does  not  break  out 
through  the  sequence  of  phase  transitions,  contrary  to  a  pure  crystal.  Indeed,  it  has  been  possible  to  measure  the 
electrical  conductivity  in  the  a,  7  and  /?  phases.  A  phase-sequence  scheme  is  then  proposed  and  compared  with 
other  published  results. 

Key  words:  lithium  iodate,  chromium,  electrical  conductivity,  phase  transition. 


1  INTRODUCTION 

The  non-centrosymmetrical  crystal  of  c^-LilOs  attracts  attention  mainly  on  account  of  its 
piezoelectric  and  non-linear  optical  properties,  in  particular  for  the  optical  harmonic 
generation  where  this  crystal  is  a  reference.  Moreover,  it  could  exhibit  enhanced 
photorefractive  effect  when  doped  with  transition  metals.  Therefore  the  growth  of  pure  and 
chromium  doped  a-LilOa  single  crystals  has  been  developed.  The  possibility  of  growing 
Cr^"*"  doped  crystals  with  a  good  quality  allows  the  analysis  of  their  electrical  properties 
and  especially  the  instability  of  the  electrical  behaviour  due  to  the  presence  of  Cr'*'^  ions  in 
the  lattice.  Results  presented  are  restricted  to  the  particular  behaviour  of  the  an 
conductivity  (perpendicular  to  c-axis)  when  cycling  temperature  and  up  to  the  melting 
point. 


2  EXPERIMENTS 

Crystals  were  grown  by  slow  isothermal  evaporation  of  an  aqueous  solution  of  a-LilOs 
doped  with  0.01  %mol  Cr(N03)3.  The  electrical  conductivity  was  measured  using  a  small 
alternative  electric  field  (1  kHz,  35  mV.cm“^  rms)  in  order  to  minimise  the  influence  of 
space  charge  barriers^  and  with  a  heating  rate  of  l°C.min“^  Such  experimental  conditions 
with  a  sample  grown  at  pH  =  2  (more  often  used  in  non-linear  optics)  and  without  DC 
field  component  were  chosen  to  avoid  electrolysis  and  damage  of  the  crystal.^  This 
frequency  has  been  chosen  because  it  is  intermediate  between  the  low  frequency  range 
where  phenomena  are  mainly  governed  by  space  charges^  and  the  high  frequency  range 
where  the  conductivity  is  sensitive  to  the  growth  conditions  by  way  of  structure  defects 
and  hydrogen  impurities."^ 
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FIGURE  1  ail  temperature  dependence  during  first  and  second  heating  for  a  Cr^+  doped  a-LilOs  single  crystal. 


3  RESULTS 

During  the  first  heating  (Figure  1),  a\\  exhibits  a  first  anomaly  at  Ti  =  200°C 
corresponding  to  the  occurrence  of  the  7  phase,  then  increases  regularly  up  to  310°C,  a 
temperature  at  which  a  pure  crystal  is  already  broken  by  a  destructive  transition.  In  order  to 
check  the  appearance  of  the  sample,  the  temperature  was  lowered  to  room  temperature.  As 
the  crystal  was  not  damaged,  we  decided  to  perform  a  second  heating  under  the  same 
operating  conditions  up  to  the  breaking  of  the  sample.  At  low  temperature,  the  value  of  (T\  \ 
was  slightly  higher  than  during  the  first  heating  and  the  first  anomaly  was  found  at 
T2  =  240°C.  Such  a  phenomenon  has  already  been  observed  by  DTA  measurements.^ 
However,  as  the  temperature  was  raised,  it  has  been  possible  to  measure  accurately  the 
conductivity  of  the  sample  up  to  the  melting  point  that  is  up  to  394°C  (Figure  2),  enabling 
to  observe  a  drastic  jump  of  two  decades  between  357  and  363° C. 


4  DISCUSSION 

This  experiment  shows  that  incorporation  of  Cr+^  ions  in  the  lattice  of  a-LilOs  could 
prevent  the  crystal  from  breaking  at  the  irreversible  transition.  This  behaviour  has  been 
observed  with  only  one  crystal  which  was  the  most  pink  coloured  crystal  denoting 
undoubtedly  the  presence  of  Cr^'*'  impurities.  As  compared  with  DTA  and  X-ray  transition 
schemes  of  a-LilOs  single  crystal  and  poly  crystalline  samples  given  by  M.  Czank  et  al.^ 


ELECTRICAL  CONDUCTIVITY  OF  LilOsiCr 
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FIGURE  2  Conductivity  behaviour  beyond  7  — >  /?  transition  temperature  up  to  melting  point. 


we  can  conclude  that  the  impurities  enlarge  the  temperature  range  of  existence  of  the 
7  phase  and  shift  the  temperature  of  occurrence  of  /^-LilOa  towards  higher  values.  Indeed 
for  a  pure  single  crystal  the  jS  phase  appears  at  low  temperature  and  the  internal  strains 
trough  7  — >  ^  transition  are  so  large  that  the  sample  is  destroyed  at  the  macroscopic  level. 
When  the  phase  appears  at  a  higher  temperature,  which  looks  like  the  behaviour  of 
polycrystalline  samples,  the  Cr^+  doped  crystal  undergoes  a  non  destructive  transition.  So 
we  suggest  the  following  phase  transition  scheme  for  the  cn-LilOsiCr^"^  crystal: 


a 

_ Y _ 

i— 

- ► 

r 

240°C  290®C  357®C  363^0  melting  point  394®C 

The  observation  of  pure  a-LilOs  crystalline  plates  during  heating  revealed  that  after 
transformation  into  the  ^-phase,  the  sample  was  puffed  and  crumbly  in  consistency,  with 
an  ordering  of  separate  blocks  leading  to  a  colunm-like  appearance.^  Indeed  when  the 
cracking  of  the  sample  occurs,  the  conductivity  drops  to  zero.  Such  a  phenomenon  is  not 
observed  in  a-LilOstCr^”^  so  that  the  drastic  jump  of  the  conductivity  at  357°C  is 
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obviously  due  to  an  increase  of  lithium  mobility  but  cannot  be  easily  related  to  structural 
features.  The  present  results  must  be  confirmed  by  conductivity  measurements  along 
c-axis,  direct  observation  and  by  other  experimental  technics. 
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A  RENEWED  APPROACH  OF  HOPPING  CONDUCTION 
IN  AMORPHOUS  MATERIALS 
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A  novel  approach  is  proposed  to  describe  hopping  conductivity  in  a  band  of  uniformly  distributed  localized  levels. 
The  basic  equations  are  taken  in  full  forms  and  their  respective  involvements  are  discussed.  Ultimately,  a  first  step 
approach  of  conductivity  is  derived,  with  hopping  distance  expressed  by  a  plausible  empirical  function. 


Key  words:  Amorphous  materials;  hopping  conduction. 


1  INTRODUCTION 

The  approach  concerns  hopping  conduction  in  a  uniformly  distributed  impurity  band, 
located  anywhere  relative  to  Fermi  energy  Ep.  It  is  a  first  step  in  a  treatment  to  be  extended 
later  to  the  renowned  Mott  and  Davis  ^  and  Cohen-Fritzsche-Ovshinski^  models,  and  to  a 
number  of  presently  available  models  displaying  a  variety  of  distributions  of  localized 
states.  Our  approach  is  to  be  contrasted  with  the  preceding  ones  on  essentially  two  points 
(1)  Fermi-Dirac  statistics  is  used  consistently  to  describe  the  electronic  populations  of  the 
levels  as  a  whole,  where  in  earlier  work  the  Boltzmann  approximation  was  substituted.  It  is 
known^’"^  that  model’s  parameters  cannot  then  be  derived  properly  from  a  division,  into 
linear  components,  of  conductivity  versus  reciprocal  temperature  curves.  (2)  Constraints 
imposed  by  the  principle  of  detailed  balancing  are  carefully  analysed  at  thermal 
equilibrium,  in  conjunction  with  the  assumption  of  wave  functions  overlap.  For  the 
remainder,  the  probability  of  transition  from  a  localized  level  at  energy  E  to  a  near  level  at 
energy  E'  is  written  as  the  product  f(E)[l  -  f(E')],  in  accordance  with  the  Miller  and 
Abrahams’  approach.^  Also,  hopping  conductivity  is  deduced  from  the  electrons  diffusion 
parameter  D  through  Einstein’s  relation.^ 


2  MODEL  AND  CALCULATION 


The  involved  transitions,  into  a  band  of  uniformly  distributed  localized  levels  in  thermal 
equilibrium  with  the  extended  states,  are  sketched  in  Figure  1.  An  electron  can  hop  from  a 
level  ei  to  a  level  £2  at  a  distance  Rs^e2^  and  conversely  an  electron  can  hop  from  £2  to  £i 
distant  of  The  differential  diffusion  coefficients,  for  a  transition  from  £[  to  £j,  is 
written  as:^ 


and  de^je-  is  the  related  hopping  rate.  Therefore: 

=  i^EiEjN  R\.^.  exp(-2aR^,^,)f(£i)[l  -  f(ej)]d£idej 


(1) 

(2) 


N  is  the  density  of  sites  per  unit  energy,  is  a  frequency  factor,  and  exp(— 2Q;R£jej)  is 
the  range  of  wave  function  attenuation.  Hence,  D  is  derived  through  a  double  integration, 
first  over  £2  and  then  over  £\  (see  Figure  1). 
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FIGURE  1  Schematic  diagam  of  hopping  processes  within  a  band  of  localized  states. 


2. 1  Detailed  Balance  Involvements 

Hopping  distances  can,  in  principle,  be  deduced  from  equations  (2)  on  applying  the 
principle  of  detailed  balance,  which  gives  readily  for  transitions  (£i,  £2)- 

2a(Re,.,-R.,J=5^+ln^  (3) 

Being  aware  that  wave  functions  overlap  implies  that  exp(— 2aR)  — ^  1  as  N  increases  to  a 
maximum  admissible  value  Nm,  and  consequently  that  hopping  would  proceed  through 
nearest  neighbours  ^  Rm  =  it  turns  out  that 

I'eiCi  =  vq  (4a) 

Vcid  =  1^0  exp  [-  ( 1  -  /?)  (4b) 

P  is  an  unspecified  parameter  which  value  can  reasonably  be  taken  in  the  range  0  <  /3  <  1. 
The  frequency  factors  are  then  exponentially  dependent  on  the  energy  difference  —  z/j, 
and  hopping  distances  are  equal  for  any  two  reverse  transitions. 


HOPPING  CONDUCTION 
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FIGURE  2  Example  of  application  of  the  theory  to  data  by  Sidek  et  ah^  on  Samarium  glasses. 


2.2  Conductivity  Derivation 

Integration  of  equations  (2)  needs  a  knowledge  of  RejCj,  which  in  turn  implies  an 
appropriate  modelling  of  microscopic  processes.  In  a  first  step,  the  simplest  procedure  is  to 
typify  these  processes  by  means  of  an  empirical  function  F(£i  —  £j,N,T).  In  the  present 
development,  with  /?  =  1/2,  F  is  taken  as 

F  =  F„[l  =  (-2aR,  +  lni.o)[l  -  (5a) 

SO  that  2q;R  =  Im/Q  —  F  >  0  (5b) 

In  this  way,  the  hopping  distance  R  is  a  linear  function  of  and  R  increases  with 

decreasing  T. 

From  that,  the  double  integration  of  equation  (2)  yieds  readily 

(j  =  e^  z/qN  a~^  kTc^e“^[tan“^expX2  —  tan“^expXi]^  (6) 

with  c  =  2aR„  +  -  2aR„);X,  =  (Ej  -  EF)/2kT;X2  =  (Ej  -  EF)/2kT. 

In  this  equation  Ep  is  derived  from  the  complete  equation  of  neutrality,  resulting  from 
Fermi-Dirac  statistics,  and  applied  to  all  transitions  between  localized  and  free  states. 
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Moreover,  compensation  is  introduced  in  order  to  shift  Ep  as  desired. 

Figure  2  shows  an  illustrative  example  of  fitting  with  our  model  of  data  by  Sidek  et  al^ 
about  d.c.  conductivity  in  glasses  containing  rare-earth  ions  (full  circles).  The  authors 
relate  tentatively  the  behaviour  of  the  observed  conductivity  (7(T“^)  to  a  double  hopping 
mechanism,  on  the  observation  that  curves  can  be  split  into  two  linear  components  in  an 
Arrhenius  plot.  The  low  temperature  part  is  then  attributed  to  small-polaron  conduction  in 
a  narrow  band,  while  the  high  temperature  part  is  assigned  to  multiphonon-assisted 
hopping.  Full  lines  drawn  in  the  figure,  with  the  parameter  values  given  in  the  caption, 
show  that  our  first  approach  can  also  work. 


3  CONCLUSION 

The  present  model  of  hopping  conduction  within  a  band  of  gap  states  brings  an 
opportunity  of  interpreting  log  cr  vs  T“^  curves,  without  having  recourse  to  the  usual 
graphical  splitting  of  an  Arrhenius  plot  into  linear  parts.  It  is  only  a  first  step  towards  a 
much  more  involved  calculation,  where  the  energy  variation  in  hopping  events  is 
accounted  for.  As  such  however,  the  model  is  able  to  fit  experimental  data  conveniently,  as 
shown  in  Figure  2. 
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We  discuss  novel  electrochemical  data  on  Bi2Sr2CaCu208+^  (BSCCO)  at  high  temperature,  where  equilibrium 
with  the  oxygen  containing  neighboring  phase  is  established.  Measurements  of  the  electronic  conductivity  as  a 
function  of  oxygen  partial  pressure  and  temperature  convey  information  about  the  defect  chemistry.  Careful 
investigation  of  the  electrochemical  polarization  on  glass-sealed  cells  allows  the  determination  of  the  ionic 
conductivity.  The  investigation  of  the  instationary  response  of  the  electrochemical  polarization  measurements 
enables  us  to  determine  the  chemical  diffusion  coefficients. 

The  defect  chemistry  can  be  understood  by  an  anti-ffenkel  disorder  of  the  oxygen  sublattice.  In  Bi2Sr2CaCu208-i-fi 
interactions  between  ionic  and  electronic  charge  carriers  are  important.  The  results  are  summarized  in  the 
framework  of  simple  defect  models  which  are  discussed  in  the  context  of  former  results  on  (La,  Sr)2Cu04  and 
YBa2Cu306+«.^-' 


Key  words:  defect  chemistry,  HTSc,  oxygen  transport,  chem.  diffusion. 


1  INTRODUCTION 

It  is  now  well  accepted  that  the  properties  of  superconducting  compounds  are  connected  to 
their  nonstoichiometry  and  thus  to  the  charge  carrier  concentrations  of  the  electronic  and 
ionic  species.^  Due  to  this,  the  investigation  of  the  defect  chemistry  and  the  kinetics  of 
oxygen  incorporation  in  Bi2Sr2CaCu208+5  as  in  (La,  Sr)2Cu04+5  and  YBa2Cu306+5 
leads  to  the  development  of  defect  models. Thermodynamic  and  kinetic  investigations 
of  high  temperature  superconductors  at  high  temperatures  are  very  important  for  several 
reasons:  First,  processing  conditions  are  determined  by  high  temperature  defect  chemistry 
and  high  temperature  diffusion  and  reaction  kinetics.  In  addition  partial  equilibrium 
concerning  the  ionic  and  electronic  defects  is  established  at  the  usual  preparation 
temperatures  and,  since  the  ionic  defect  structure  is  partly  frozen-in  after  the  preparation, 
the  electronic  charge  carrier  concentration  in  the  superconducting  state  is  largely 
influenced  by  the  high  temperature  defect  structure. 


2  EXPERIMENTAL 

The  preparation  of  conventional  ceramics,  of  oriented  ceramics  and  of  single  crystals  has 
already  been  given  elsewhere.^  The  electrochemical  methods  has  been  described  in  ref.^’^ 
Further  details  of  the  method  will  be  described.^ 


3  RESULTS  AND  DISCUSSION 

Bi2Sr2CaCu208+^  as  La2Cu04  and  YBa2Cu306+5  becomes  superconducting  at  elevated 
oxygen  partial  pressures.  The  variation  range  in  oxygen  stochiometry  is  narrow 
(0  <  ^  <  0.35)  compared  to  YBa2Cu306+(5-  According  to  the  occurrence  of  p-conduction 
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FIGURE  1  Modeled  development  of  the  defect  concentrations  in  Bi2Sr2CaCu208+5  with  assumed  Bi-excess 


in  this  compound  we  consider  all  extra  oxygen  {S  >  0)  as  interstitial  oxygen.  The 
following  incorporation  reaction  is  derived  from  the  partial  pressure  dependence  of  the 
electronic  conductivity: 

^02  +  Vi^Oi"  +  2h*^Oi'  +  h*^o;‘  (1) 

With  increasing  oxygen  partial  pressure  the  p-conductivity  follows  a  p02  power  law.  As 
discussed  in^’^’^  in  detail  these  results  can  be  understood  as  follows.  A  majority  of  the 
holes  are  trapped  at  the  oxygen  interstitials  forming  large  concentrations  of  monovalent 
and  neutral  defects.  For  moderate  oxygen  partial  pressures,  the  activity  of  Oi'  is  roughly 
constant  due  to  internal  disorder  giving  rise  to  a  slope  of  1/2  (Figure  1).  At  larger  p02  ^ 
values  the  slope  is  flattening.  At  higher  defect-electron  concentrations  the  electroneutrality 
condition  reads  [Oi']  =  [h*]  and  crap02^^'^  is  predicted.  The  internal  disorder  mentioned 
above  is  due  to  anti-Frenkel  and/or  anti-site  disorder.  The  latter  possibility  is 

supported  by  the  similar  ionic  radii  of  Bi  and  Sr,  high  preparation  temperatures  and  the 
coexistence  of  Bi-excess  with  Sr-deficit  which  is  in  line  with  the  chemical  analysis.^ 

At  even  higher  oxygen  partial  pressures  the  slope  is  flattening  to  crap02^  with  N  nearly 
0.  Different  explanations  may  be  considered:  The  increased  trapping  of  holes  at  Bi 
according  to  the  reaction 
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HGURE  2  Ionic  conductivity  of  Bi2Sr2CaCu208+«,  unsealed  cell  (upper  line)  and  glass-sealed  cell  (lower  line). 


Bi*i  +  2h*<-.Bi“  (2) 

and  activity  changes  due  to  degeneracy  effects  and  saturation  phenomena  may  cause  the 
same  effect. 

For  the  ionic  conductivity  of  our  carefully  encapsulated  Bi2Sr2CaCu208+5  we  found 
the  values  shown  in  Figure  2  activated  with  1.33  eV  resp.  1.25  eV.  The  values  for  the 
glass-sealed  cell  Pt,  02/YSZ/Bi2Sr2CaCu208+5/YSZ/Pt,  O2  were  found  to  be  an  order  of 
magnitude  lower  than  those  for  the  unsealed  cell.  This  is  due  to  the  interference  of  oxygen 
at  the  lateral  parts  of  the  sample.  Chemical  diffusion  coefficients  have  been  derived  from 
electrochemical  polarization  shown  in  Figure  3.  The  anisotropy  of  the  chemical  diffusion 
coefficient  in  Bi2Sr2CaCu208+(5  is  even  larger  than  in  YBa2Cu306+(5.  The  chemical 
oxygen  diffusion  parallel  to  the  conduction  plane  is  activated  with  0.24  eV.  In  the 
perpendicular  direction  a  value  of  1.9  eV  has  been  found,  which  is  close  to  the  value  found 
in  ref.^  and  confirmed  by  measurements  on  single  crystals.^ 

It  can  be  concluded  that  electrochemical  experiments  allow  elegant  measurements  of 
ionic  and  electronic  transport  properties  and  far-reaching  statements  about  the  defect 
chemistry.  The  defect  chemical  situation  turns  out  to  be  very  similar  to  YBa2Cu306+5  and 
also,  but  to  a  lesser  degree,  to  (La,  Sr)2Cu04+5  where  ionic-electronic  interactions  are  not 
that  distinct. 
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FIGURE  3  Chemical  diffusion  coefficients  from  electrochemical  polarization. 
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1  INTRODUCTION 


2  experimental  DETAILS 

The  experiments  were  carried  out  on  single  crystals  of  YBaaCuiO,  (x  =  6  9  6  41  All  tho 

T.  -  40  K  wloTM.tw  f.i'SS"”*  »  K  AT,  -1  K  «d 

lino^ri  concenfration  was  estimated  by  the  Raman  shift  of  A„  apex  oxygen  mode  This 

conceSJr^””  '  ^  ^^-P°lanzation  spectra  and  its  frequency  very  sensitive  to  the  oxygen 

All  the  crystals  had  the  shape  of  rectangular  plates  2x2^09  mm  mo-  -.i. 
specular  basis  plane.  All  experiments  were  Carried  out  with  " 

snoot  ‘’y  "  488  nm  Ar+  laser  line  a  “dna-28’ 

systein^Hirfi-temner'^^^*’**^”^^  ^  524-element  intensified  solid-state  array  detector 
furnace.  ^  P  a  re  measurements  were  carried  out  by  using  ‘Linkham  TH  600’ 

The  laser  heating  was  produced  by  the  radiation  of  Ar+  tivo  ^ 
moment  of  laser-heating  does  not  exceed  550  K  r  o  ^  wji  ’  temperature  at  the 

YBa2Cu30x.'^’^  oxygen  sublattice  in 

A  pump  power  at  the  laser-heating  has  been  varied  from  1  nn  to  9  ^  mWf/  2 
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Raman  int.  rel. units 
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crystal. 


figure  2  Raman  spectra  of  the  YBa,Cu30,4  single  crystal  (P  =  0.5  mWt/,tm^)  measured  after  laser-heating 
with  different  pump  power. 
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P,mWt//xm^ 


FIGURE  3  A  dependence  of  linewidth  (open  circles)  and  frequency  (felled  circles)  of  Ag  apex  oxygen  mode  in 
spectra  measured  after  laser-heating  on  the  pump  power  at  the  laser-heating.  Solid  and  dashed  lines  are  only  guide 
for  eyes. 


The  Raman  spectra  for  YBa2Cu30x  crystals  measured  before  and  after  laser-heating 
were  compared. 


3  RESULTS  AND  DISCUSSION 

In  the  YBa2Cu306.9  single  crystal  no  changes  of  the  frequencies  and  linewidths  of  phonon 
modes  were  detected  in  spectra  measured  after  laser-heating  (Figure  1). 

In  the  YBa2Cu306.4  single  crystal  a  decrease  of  linewidth  (full  width  on  half  maximum) 
and  frequency  of  Ag  apex  oxygen  mode  were  observed  in  spectra  measured  after  laser- 
heating.  In  addition  a  new  line  has  appeared  in  the  region  of  ^  160  cm“^  (Figures  2,  3). 
The  frequencies  and  linewidths  of  the  lines  were  determined  with  the  approximation  of 
Lorenzian. 

The  experiment  with  the  heating  of  the  YBa2Cu306.4  single  crystal  in  the  furnace 
shows  no  changes  of  the  fi*equencies  and  linewidths  of  phonon  modes  in  spectra  measured 
after  heating  (Figure  4).  The  temperature  in  the  furnace  was  550  K.  TTiis  is  the  same 
temperature  as  it  was  at  the  laser-heating. 
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FIGURE  4  Raman  spectra  of  the  YBa2Cu3  O6.4  single  crystal  measured  before  (solid  line)  and  after  (dashed  line) 
heating  in  furnace  (T  =  550  K). 


The  laser-heating  can  differ  from  the  heating  in  furnace  only  in  small  size  of  heating 
area  (laser  spot  ~  2  /zm).  Therefore  all  changes  in  Raman  spectra  can  be  caused  by  the 
temperature  gradients  and  hence  by  the  stresses  which  is  caused  by  the  temperature 
gradients. 

The  X  =  6.4  single  crystal  has  demonstrated  a  wide  superconducting  transition 
indicating  a  disorder  in  oxygen  sublattice.  ^  Hence  the  decrease  of  line  width  of  the  Ag  apex 
oxygen  mode  can  be  explained  by  the  ordering  of  the  chain  oxygen  vacancies  (the  chain 
oxygens  are  easily  affected  in  Y-Ba-Cu).^  The  decrease  of  frequency  of  Ag  apex  oxygen 
mode  indicates  a  decrease  of  oxygen  concentration  in  the  excited  volume  because  the 
frequency  of  this  mode  goes  down  with  decrease  of  the  oxygen  concentration.^  The 
appearance  of  new  line  (^10  cm~^)  indicates  an  appearance  of  the  new  ordered  phase. 
Therefore  all  this  changes  can  be  explained  by  ordering  of  chain  oxygen  vacancies 
possibly  forming  x  =  6.35  phase.^ 
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Determinations  of  the  T-0  and  Ol-On  phase  boundaries  by  electrical  transport  property  measurements  are 
reported.  These  results  are  coherent  with  those  of  a  preliminary  neutron  diffraction  experiment  and  an  electron 
diffraction  study. 

Key  words:  YBC — ^Phase  diagram — Oxygen  ordering — ^Electrical  transport — ^Neutron  diffraction — Electron 
diffraction. 

Many  studies  have  been  devoted  to  the  theoretical  determination  of  the  T-z  phase  diagram 
of  YBaaCusOz^  which  shows  three  phases  important  to  super-conductivity:  the  high 
temperature  orthorhombic  (01)  and  tetragonal  (T)  phases  and  the  low-temperature  double¬ 
cell  orthorhombic  phase  (OH).  The  large  amount  of  theoretical  results  contrasts  markedly 
with  the  lack  of  experimental  measurements  which  were  limited  until  recently  to  the 
determination  of  the  T-0  phase  boundary  in  a  temperature  range  between  800  and  1000  K. 

We  report,  here,  on  indirect  determination  of  the  T-O  and  Ol-On  phase  boundaries 
obtained  from  electrical  transport  property  measurements. 

The  samples  are  thin  sheets  consisting  of  0,1  mm  thick,  dense,  large-grained  oxide  with 
mean  grain-size  15  ^m  and  d/d* « 0.90;  they  are  prepared  by  sintering  a 
Rhone-Poulenc  precursor. 

Measurements  were  carried  out  at  constant  composition  z  by  means  of  an  experimental 
device  previously  described.^ 

The  T-0  phase  boundary  was  determined  from  the  T-variation  of  the  electrical 
resistance,  R,  at  constant  oxygen  composition,  z.  In  Figure  1,  a  typical  (MnR/OT)^ 
(T)-curve  is  shown.  A  kink  is  observed  which  corresponds  to  the  T-0  phase  transition. 
Indeed,  it  is  well  known  that  R  is  coupled  to  the  order-disorder  phenomenon  which  occurs 
at  the  T-O  transition  and  a  singularity  is  expected  for  R{T)^  at  this  point.  Our  results  are 
reported  in  Figure  2,  For  T  >  750  K,  the  T-0  phase  boundary  was  determined  by  the 
isobar  method  already  used  by  previous  authors.^ 

For  z  >  6,40,  lnR(T)2  presents  only  one  singularity  at  the  T-O  transition,  contrary  to 
the  Seebeck  coefficient,  S(T)j,,  which  exhibits  a  second  kink  at  lower  temperature,  see 
Figure  1.  This  second  kink  likely  corresponds  to  a  phase  transition.  Plotting  the 
temperature  of  this  second  kink,  Tt,  versus  composition  may  help  to  identify  this  unknown 
phase  transition.  This  Tt(z)-curve  is  reminiscent  of  the  calculated  T-z  phase  diagrams^ 
which  suggests  that  the  Tt(z)-curve  is  likely  to  be  the  Ol-On  phase  boundary. 

In  order  to  confirm  this  conjecture,  we  carried  out  neutron  scattering  experiments  on  the 
g43  triple  axis  spectrometer  at  Saclay’s  Orphee  reactor.  Since  the  order  parameter  of  the 
0-T  phase  transition,  described  by  the  difference  in  the  probability  of  the  x  and  y  site 
occupancies  of  the  oxygen  in  the  deficient  layer,  can  only  be  reached  in  detailed  studies  of 
the  structure,  we  chose  to  follow  the  O-T  transition  through  the  evolution  of  the 
orthorhombicity  (a  —  b)/(a  -f-  b)  which  is  evident  in  the  evolution  of  the  lineshape  of 
particular  reflections.  To  achieve  a  good  momentum  transfer  resolution,  we  used  a  small 
incident  neutron  energy  (4.5  meV)  selected  from  the  cold  source  with  a  (2  0  0)  PG 
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FIGURE  2  T(z) — diagram  from  our  electrical  transport  measurements,  o,  T-0  limit;  •:  Tt  vs  z.  The  curves 
are  guides  for  the  eye. 


The  data  points  were  analysed  using  gaussian  lineshapes  represented  by  the  solid  curve  in 
Figure  3  for  (1  0  3)  and  (110)  reflections.  The  results  clearly  show  that  while  the  profile  of 
the  (1  10)  reflection  remains  unchanged,  the  half  width  of  the  half  maximum  of  the  (1  0  3) 
reflection,  reported  in  Figure  4,  decreases  continuously  as  the  temperature  approaches 
620  K  above  which  it  remains  constant  as  determined  by  the  instrumental  resolution.  We 
conclude  that  the  orthorhombic  to  tetragonal  phase  transition  occurs  at  about  630  K,  in 
good  agreement  with  electrical  transport  results. 

When  we  examine  carefully  the  variation  of  this  (10  3)  HWHM  between  290  and 
630  K,  we  can  clearly  distinguish  two  regions  of  slow,  below  480  K  and  rapid  variation 
between  480  and  630  K.  Such  a  result  is  also  obtained  with  (10  0)  HWHM.  We  observe 
that  this  qualitative  difference  in  the  change  rate  of  the  orthorhombicity  coincides  with  a 
slight  change  of  the  thermal  expansion  of  the  c  lattice  parameter.  It  also  coincides  with  the 
temperature  at  which  an  anomaly  appears  in  the  electrical  thermopower  as  described 
above.  We  believe  that  a  phase  transition  from  an  orthorhombic  to  another  orthorhombic 
phase  takes  place  at  about  480  K  for  this  composition  z  ==  6.48.  We  failed  to  see  any 
evidence  for  superlattice  peaks  of  the  kind  (1/2,  k,  1)  characteristic  of  an  orthorhombic  11 
phase.  We  think  that  other  types  of  chain  ordering  are  possible;  thus  further  investigations 
are  needed. 
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FIGURE  3  Bragg  angle  scan  across  the  reciprocal  lattice  points  (1  0  3)  and  (1  1  0)  at  three  temperatures  for 
z  =  6.48.  Solid  curves  are  obtained  by  using  gaussian  lineshapes. 


Moreover,  electron  diffraction  studies  using  a  transmission  electron  microscope 
operated  at  200  kV  were  achieved  on  the  dense  samples  prepared  at  room  temperature  in 
equilibrium  with  respect  to  the  chain-plane  oxygen  rearrangement.^  Illumination  has  been 
kept  as  low  as  possible  and  very  short  exposure  times  according  to  our  previous  results 
have  been  chosen  in  order  to  avoid  any  irradiation  damage  of  our  specimens.  Several 
diffraction  patterns  have  thus  been  obtained  under  these  conditions  from  different  flakes  of 
the  same  specimen  having  a  given  composition  z  in  the  range  7  >  z  >  6.3.  Such  patterns 
obtained  along  the  [001]  or  the  [010]  axis  enable  one  to  identify  the  01,  011  or  other 
structures,  as  reported  previously.^ 

Series  of  diffraction  experiments  both  at  room  temperature  or  below  room  temperature 
have  led  to  the  same  conclusion  that  in  such  specimens,  only  two  phases  (as  defined  by 
thermodynamics)  can  be  clearly  identified,  which  correspond  to  the  OI  and  Oil  structures 
respectively.  The  OI  phase  is  stable  in  the  composition  range  z  >  6.9  corresponding  to  the 
first  plateau  of  Tc.  The  second  plateau  around  the  composition  z  =  6.55  corresponds  to  the 
existence  of  Oil  as  a  single  phase.  In  the  intermediate  regions  i.e.  for  compositions 
6.5  <  z  <  6.8  and  6.3  <  z  <  6.5,  all  the  superstructures  experimentally  observed  are 
consistent  with  existence  of  more  or  less  short-range  ordered  domains  of  OH  phase 
consisting  of  rather  long  Cu-O  chains:  the  order  within  the  chains  and  their  preferred 
orientation  along  the  b  direction  are  maintained  so  that  the  orthorhombicity  is  kept,  as 
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FIGURE  4  The  half  width  of  the  half  maximum  (HWHM)  of  the  (1  0  3)  reflection  versus  temperature. 


revealed  by  twinning.  Diffraction  patterns  suggest  that  the  z  =  6.7  compounds  contain 
genuine  OH  phase  consisting  of  small  domains  twinned  at  a  fine  scale.  For  compositions 
z  =  6.8,  the  01  phase  appears  to  be  very  disordered  with  respect  to  the  periodic  altemance 
of  the  Cu-0  chains  in  the  chain  planes,  and  nuclei  of  incipient  OH  order  are  formed  locally. 
On  the  other  hand,  short-range  domains  of  the  OH  phase  are  found  in  the  region  of  low 
values  of  Tc  and  z,  whereas  the  tetragonal  phase  is  obviously  stable  for  z  <  6.3.  To  date, 
the  diffraction  patterns  in  the  present  work  do  not  provide  any  clear  evidence  for  existence 
of  any  Om  phase  at  room  temperature. 
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The  electron  structure  of  the  semi  infinite  CuOa  layer  has  been  calculated  to  understand  peculiarities  of  the  layered 
oxides  surfaces.  All  computations  have  been  performed  by  means  of  the  Green  function  method  along  with  the 
simple  tight-binding  model.  Fourier  transforms  of  the  Green  functions  were  derived  analytically.  The  potential  at 
the  atoms  nearest  to  the  boundary  was  directed  to  infinity.  This  formal  maneuver  led  to  dividing  the  ideal  CUO2 
layer  into  two  semi  infinite  layers.  The  density  of  states  near  the  surface  has  been  obtained  by  integrating  the 
imaginary  part  of  the  diagonal  element  of  the  Green  function  over  the  wave  vector.  It  has  been  shown  that  the 
charge  on  the  surface  Cu  atoms  is  greater  than  on  the  bulk  one.  Changes  of  the  density  of  states  via  the  energy  and 
the  distance  from  the  surface  have  been  obtained. 

Key  words:  surface;  superconductors;  the  Green  function  method;  electron  states. 


Layered  copper  oxides  are  known  to  have  the  property  of  high  temperature  super¬ 
conductivity.  By  virtue  of  this  fact,  they  attract  much  attention.  There  are  many  indications 
of  the  surface,  intergranular  and  interface  influence  on  properties  of  copper  oxides.  That  is 
why  the  problem  of  the  adequate  description  of  the  surface  is  of  great  importance.  In  this 
work  we  give  the  results  of  the  electron  band  structure  calculations  for  the  surface  of 
copper  oxides.  Computations  have  been  carried  out  by  the  Green  function  method. 

All  the  layered  copper  oxides  have  the  CUO2  plane  which  is  believed  to  be  the  decisive 
element  for  the  existence  of  the  high  temperature  superconductivity.  To  understand  the 
electronic  structure  of  the  copper  oxide  surface  we  have  investigated  the  band  structure  of 
the  semi  infinite  CUO2  layer.  The  edge  of  this  layer  was  formed  of  the  Cu  and  O  atoms 
lying  along  the  (100)  direction  (see  the  Figure  1).  The  layer  was  divided  into  columns 
parallel  to  the  edge,  and  each  column  was  broken  down  into  cells.  One  unit  cell  included 
one  Cu  atom  and  two  O  atoms. 

The  partial  density  of  states  on  the  i-th  atom  of  the  n-th  column  can  be  calculated  using 
the  expression 


N„i  = -TT  Ulm|G„i(kx,£)  dkx  (1) 

where  A  =  atln,  a  is  the  lattice  parameter,  G„i  =  G„i,„i  is  the  diagonal  element  of  the  Green 
function  which  can  be  obtained  from  the  Dyson  equation 

G  =  g  +  g  V  G  (2) 

Here  V  is  the  perturbation  potential,  g  is  the  Green  function  of  the  ideal  CUO2  layer. 

To  make  the  semi  infinite  layer  from  the  infinite  one  we  supposed  the  potential  at  the 
boundary  oxygen  atoms  to  go  to  infinity.  This  formal  maneuver  has  been  already  used  in 
the  investigation  of  the  atomic  vacancy  in  Si.^  Indeed,  the  infinite  potential  at  an  atomic 
site  means  that  all  the  electronic  states  of  this  site  are  eliminated  from  the  basis.  Thus,  we 
can  think  that  there  is  no  an  atom  in  this  site  at  all.  In  the  case  under  consideration,  the 
formation  of  the  column  of  the  oxygen  vacancies  in  the  CUO2  layer  leads  to  the  breaking  of 
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FIGURE  1  The  CUO2  layer.  The  dashed  line  indicates  the  boundary  of  the  semi  infinite  CUO2  layer. 


the  Cu-O  bonds  along  the  chain  and,  as  the  consequence,  to  partitioning  the  Cu02  layer 
into  two  semi  infinite  layers. 

To  obtain  the  Green  function  g  we  have  employed  the  simple  tight-binding  model  with 
only  inclusion  the  nearest  neighbors  interactions.  In  this  case,  it  is  easy  to  obtain  the 
analytical  expressions  for  g.  Methods  for  deriving  such  integrals  have  been  already 
illustrated  by  us  in.^’^ 

The  density  of  states  for  the  bulk  Cu  atoms  is  shown  in  the  Figure  2.  We  used  the  value 
of  the  hopping  integral  between  nearest  Cu  and  O  sites  t  =  —1.85  eV  and  supposed  the 
energies  of  the  Cu  and  O  levels  to  be  equal.  One  can  see  that  at  £  =  3.7  eV  the  density  of 
states  has  a  singularity.  It  is  known  that  in  the  superconductive  phase  the  Fermi  energy  lies 
anywhere  near  this  singularity. 
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The  change  of  the  density  of  states  near  the  surface  Cu  columns  is  shown  in  the 
Figure  3.  As  can  be  seen,  this  change  has  the  negative  sign  above  the  Fermi  energy.  Thus 
the  charge  on  the  surface  Cu  columns  is  greater  than  on  the  bulk  one.  On  the  next  columns 
the  charge  turn  to  the  value  of  a  bulk  Cu  column. 

The  breaking  of  the  chemical  bonds  at  the  surface  and  difference  in  the  charge  could 
lead  to  the  antiferromagnetic  ordering  of  spins  and,  as  the  consequence,  to  the 
dielectrization  of  the  surface  layer.  We  are  going  to  consider  this  possibility  in  the 
separate  paper. 

This  work  was  supported  by  the  National  Scientific  Program  on  HTSC  within  the 
project  N  92068. 
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FIGURE  3  The  change  of  the  Cu  electron  states  density  at  the  first  (n  =  0),  second  (n  =  1)  and  third  (n  =  2) 
columns  near  the  boundary  of  the  Cu02  semi  infinite  layer. 
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X-ray  powder  diffraction  of  the  new  high-Tc  superconducting  phase  (Hgi_xCux)  Ba2Cu04+5,  where  x  =  0.17 
with  the  onset  superconducting  transition  at  125  K  was  used  to  define  coordinates,  isotropic  thermal  parameters  of 
the  atoms  and  for  interatomic  distances  calculation.  For  the  first  time  in  the  Hg-based  cuprate  superconductors  was 
observed  the  occurrence  of  the  optical  second  harmonic  generation  (SHG)  of  YAG-Nd  laser,  which  gives 
evidence  for  the  appearance  the  asymmetric  electronic  density,  correlated  with  an  increase  of  superconducting 
transition  temperature.  It  is  assumed  that  the  increase  of  associated  with  the  formation  of  two  (CUO2)  layers  in 
the  average  unit  cell  at  the  substitution  of  the  part  atoms  Cu  for  Hg  and  the  partial  occupancy  of  the  (1/2  0  0)  sites 
by  oxygen  atoms. 

Key  words:  Superconductor,  substitution,  second  harmonic  generation,  magnetic  susceptibility. 


1  INTRODUCTION 

The  structure  Hg-1201  with  one  Cu02  layer  per  lattice  unit  cell^  is  similar  to  the  Tl-1201 
with  Tc  <  10  K,  but  the  phase  transition  temperature  is  greater  (84-96  K).  Smaller  spacing 
between  Cu02  planes  in  the  Hg-1201  could  lead  to  better  superconducting  properties.  In 
the  HgBa2Cu04+^  superconductor  one  could  consider  two  types  of  defects.  First  one  is 
caused  by  oxygen  presence  in  (1/2  1/2  0)  site.  The  second  is  connected  with  partial 
substitution  of  Hg  by  Cu  atoms. 


2  SYNTHESIS  AND  X-RAY  ANALYSIS 

Samples  of  nominal  composition  HgBa2Cu04+5  were  prepared  by  solid-state  reaction  at 
800°C,  5  h  from  stoichiometric  powders  of  HgO  (99%  purity),  BaO  (97%)  and  CuO 
(99%).  After  the  annealing  in  flowing  O2  at  350°C  material  was  identified  by  X-ray 
method.  For  defects  creation  and  additional  doping  by  oxygen,  samples  were  reannealing 
at  600°C  for  2.5  h  in  a  flow  of  oxygen.  While  heating  from  435  to  600° C  sample  mass 
decreases  at  12%  as  the  result  of  loosing  Hg. 

All  structure  calculations  were  performed  using  complex  programms  CSD,^  Starting 
model  for  HgBa2Cu04+§  was  chosen  according  to^  (space  group  P4/mmm).  Thermal 
parameters  and  sites  occupations  differ  from  the  model  HgBa2Cu04+5.^  Structural 
parameters  of  superconducting  phase  with  content  by  X-ray  method  as 
(Hgo.89Cuo.ii)Ba2Cu04+5  (annealing  at  350°C)  and  (Hgo.83Cuo.i7)Ba2Cu04+^  (reanneal¬ 
ing  at  600° C)  shown  in  the  Table  I.  Lattice  parameters,  refined  using  full  profile  data 
for  these  phases  are:  a  =  b  =  3.87457(4)A,  c  =  9.5148(1)  (p  =  6.8533(2)  g/cm^, 
Rin  =  4.65%,  Rpr  =  10.16%)  and  a  =  b  =  3,8760(2)A,  c  -  9,5189(9)A 
(p  —  7.0003 (2)g/cm^  Rin  =  9.5%,  Rpr  =  13.94%),  respectively. 
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FIGURE  1  Temperature  dependence  SHG  (a)  and  AC-  magnetic  susceptibilities  (b)  for  Hg-1201:A-after  the 
synthes,  •-after  the  annealing  in  flowing  O2  at  350°C  (8h).  O-after  the  reannealing  in  flowing  O2  at  600°C  (2h). 


3  SECOND  HARMONIC  GENERATION 

In  Figure  1  a,  b  are  depicted  the  temperature  dependences  of  second  harmonic  generation 
and  magnetic  susceptibility  respectively  for  the  different  kinds  of  (Hgi_xCux)Ba2Cu04+5 
superconductors.  It  is  necessary  to  account  that  the  beginning  of  the  SHG  is  shifted 


(Hgi_xCux)Ba2Cu04+^ 
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towards  the  resistivity  or  magnetical  susceptibility  behaviors  from  8  to  12  K  in  the  high 
temperature  region.  This  indicates  that  the  SHG  ‘feels’  the  approach  of  the  super¬ 
conducting  transitions,  or  shows  the  presence  of  the  asymmetric  modulation.  Comparing 
the  temperature  dependences  of  the  magnetic  susceptibilities  and  resistivity  one  can  see  the 
very  similar  behavior. 

TABLE  I 

Coordinates  of  atoms  in  the  (Hgi_xCux)Ba2Cu04+^. 


ATOM  (x  =  0.11) 

N 

x/a 

y/b 

z/c  (X  =  0.17) 

N 

x/a 

y/b 

z/c 

Hg 

1* 

0 

0 

0 

0 

0 

0 

Ba 

2 

1/2 

1/2 

0.2966(1) 

2 

1/2 

1/2 

0.2937(6) 

Cu 

1 

0 

0 

1/2 

1 

0 

0 

1/2 

0(1) 

2 

1/2 

0 

1/2 

2** 

1/2 

0 

1/2 

0(2) 

2 

0 

0 

0.209(1) 

2 

0 

0 

0.220(8) 

0(3) 

1* 

1/2 

1/2 

0 

2** 

1/2 

0 

0 

Sides  occupations  *  Hg:  0.89(l)Hg+0.11(l)Cu;  0(3):  0.12(4)0 
**Hg:  0.83(l)Hg+0.17(l)Cu;  0(1):  0.78(9)0;  0(3):  0.24(9)0 
Interatomic  distances  *Hg-0(3):  2.740  A,  **Hg-0(3):  1.9376  A 


4  DISCUSSION 

The  refine  structure  of  the  (Hgi_xCux)Ba2Cu04+5  (x  =  0.17)  is  differed  from  model^  and 
the  compound  with  x  =  0.11.  Here  large  part  of  atoms  Hg  are  substituted  by  atoms  Cu. 
This  leads  to  introduction  of  additional  oxygen  into  Hg-plane  in  (1/2  0  0)  position  and  to 
increase  of  the  average  oxidation  degree  of  copper  and  as  a  result  holes  concentration 
becomes  enough  for  the  appearance  of  the  superconductivity.  As  a  results,  Hg-  plane 
become  partially  like  a  Cu-  plane  and  quasi-two-layer  structure  is  formed.  We  suppose  that 
the  asymmetric  modulation  is  caused  by  the  super  conducting  pairing  which  according  to^ 
appears  nearby  the  Van  Hove  singularities  splitted  due  to  the  band  Jahn-Teller  cooperative 
effect.  The  former  is  closely  related  with  the  occurrence  of  the  phonon  anharmonicity.  If  in 
the  case  of  YBa2Cu306+5  the  super  structure  modulation  can  be  caused  by  the  defective 
oxygen  planes,  in  the  case  of  (Hgi_xCUx)-1201  (with  Tc  =  96-125  K)  coordination  of  the 
another  cations  depends  on  the  oxygen  parameters  6.  Besides  it  can  be  caused  by  the 
another  kinds  of  the  defects,  for  example  by  the  substitution  of  the  Hg  by  Cu  or  by  the  Hg 
vacancies. 
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Substituting  metallic  or  rare-earth  atoms  or  removing  O  in  the  superconductor  YBa2Cu307  usually  has  a  strong 
effect  on  the  superconducting  properties.  We  have  made  extensive  XAFS  studies  on  Co,  Fe,  Ni,  Zn,  Gd,  and  Pr 
substituted  materials  including  some  thin  film  samples.  In  nearly  all  cases,  significant  distortions  are  found. 
Although  the  lattice  constant  change  is  small  (<  0.05  A)  the  local  distortions  can  be  significant  larger 
(~  0.1  to  0.3  A).  The  observed  large  local  distortions  of  the  lattice  together  with  a  change  in  the  charge 
distribution  at  a  site  indicate  that  the  interior  of  the  unit  cell  is  easily  distorted.  The  correlation  of  a  strong  T^ 
suppression  with  large  local  distortions  suggests  that  distortions  of  the  nearby  layers  must  play  a  significant  role  in 
models  for  superconductivity  in  high  Tc  materials. 

Key  words’,  local  structure,  superconductivity,  XAFS,  YBa2Cu307 


Since  the  discovery  of  high  Tc  materials  there  has  been  a  tremendous  effort  to  understand 
why  these  materials  are  superconducting.  A  large  number  of  models  have  been 
considered — extending  the  standard  phonon  coupling  model,  polarization  models,  2-D 
models  that  consider  only  the  Cu02  planes  and  ignore  other  parts  of  the  unit  cell,  the  RVB 
model  etc.  However  no  obvious  candidate  has  emerged,  and  constraints  on  the  theory 
imposed  by  experimental  results  are  clearly  needed. 

The  substitution  of  other  metal  atoms  for  the  constituent  elements  in  high-temperature 
superconductors,  such  as  YBa2Cu307,  is  an  important  means  of  probing  the  parameters 
essential  to  superconductivity.  Substitutions  of  Co,  Fe,  Ni,  and  Zn  for  some  of  the  Cu  in 
YBCO  suppress  Tc  significantly  at  relatively  low  concentrations  5%).  On  the  other 
hand,  replacing  Y  with  rare-earth  elements  or  Ba  with  alkaline  earths  usually  does  not 
affect  Tc  very  much  (with  some  exceptions,  for  example,  Pr).  The  local  structures  about 
the  impurity  atoms  must  be  known  before  these  effects  can  be  fiilly  understood.  In  this 
paper  we  summarize  the  results  of  our  X-ray  Absorption  Fine  Structure  (XAFS)  [1,2] 
investigations  of  the  local  structure  in  substituted  YBCO  [3-7],  with  an  eye  towards 
determining  whether  local  structure  should  place  constraints  on  models  for  super¬ 
conductivity. 

The  XAFS  technique  [1,2]  utilizes  the  interference  effect  of  the  incoming  and  outgoing 
photoelectron  waves  near  the  absorbing  atoms  excited  by  incident  x-rays.  Thus  XAFS 
contains  information  about  the  distances  to  and  the  number  of  the  neighbouring  atoms 
from  the  point  of  view  of  a  central  absorbing  atomic  species  (selected  by  scanning  over  the 
appropriate  x-ray  energy)  and  can  therefore  determine  the  average  local  structure  of 
different  elements  separately.  The  combination  of  the  information  from  different  types  of 
absorbing  atoms  gives  a  more  constrained  result  for  the  local  structure  than  diffraction 
experiments.  Furthermore,  XAFS  analysis  does  not  make  use  of  long-range  translational 
symmetry  positions.  Consequently,  XAFS  offers  an  advantage  in  studying  the  near¬ 
neighbor  local  structure  in  complicated  materials,  such  as  pure  and  metal  doped  YBCO. 
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FIGURE  1  Changes  of  the  lattice  constants  relative  to  pure  YBCO  and  the  displacements,  Ar,  of  the  substituted 
atom,  M  (M  =  Co,  Ni,  and  Zn),  as  a  function  of  the  dopant  concentration,  x,  for  YBa2(Cui_;cM;c307_5).  Lattice 
constants  are  from  Ref.  9  for  pure  YBCO  and  YBCOrNi,  and  Ref.  5-6  for  YBCO:Co  and  YBCO:Zn.  In 
YBCO:Co,  i  ~  I  of  the  Co(l)  is  displaced  in  the  ab-plane  [5].  In  YBCOiNi  and  YBCO:Zn,  Ni(2)  and  Zn(2)  are 
shifted  along  the  c-axis  [4,6]. 


We  have  studied  in  detail,  the  local  structure  about  Cu  and  substituted  atoms  in 
YBCO:Co  [3,5],  YBCO:Fe  [3,5],  YBCO:Ni  [4]  YBCOiZn  [6],  and  YBCOiPr  [7],  as  well 
as  the  Cu  and  Y  environments  in  0-deficient  YBCO  [8].  We  find  that  there  are  large  local 
distortions  within  the  unit  cell.  Usually  the  impurity  atom  on  the  Cu  site  and  the  nearby  Ba 
atoms  move  significantly,  about  0.1  to  0.3  A  in  many  cases.  In  contrast,  the  size  of  the  unit 
cell  as  determined  in  diffraction  experiments,  does  not  change  very  much,  with  typical 
changes  often  only  a  few  hundredths  of  an  angstrom. 

Our  XAFS  results  [3-6]  for  the  local  displacements  of  the  substituted  3d-metal  atoms 
relative  to  the  corresponding  Cu  site  are  summarized  in  Figure  1,  together  with  the  changes 
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of  the  lattice  constants  relative  to  the  undoped  YBCO  obtained  from  diffraction  studies 
(the  lattice  constants  for  pure  and  the  Ni  doped  YBCO  are  from  Ref.  9  and  others  are  from 
Ref.  5-6).  The  selected  pair  distances  are  listed  in  Table  I,  from  which  the  Cu  and  the 
substituted  atom  positions  relative  to  Y  and  Ba  can  be  determined.  In  YBCO: Co  [3,5] 
(YBCO:Fe  is  similar),  Co  is  in  the  Cu(l)  (chain  copper)  layer  but  about  ^  ~  |  of  the 
Co  atoms  are  displaced  from  the  Cu(l)  site  in  the  ab-plane  by  about  0.30  ±  0.06  A, 
depending  on  the  thermal  treatment  and  doping  concentration;  the  average  Co(l)-Ba 
distance  increases  by  0.07-0.10  A  and  the  Cu(2)-0(4)  (planar  copper— axial  oxygen) 
distance  increases  by  about  0.14  A,  which  indicates  that  Ba  moves  towards  the  Cu02 
while  0(4)  away  from  it,  very  similar  to  the  changes  in  the  O-deficient  pure  YBCO. 
Results  for  samples  with  therm^  treatment  are  not  plotted.  In  YBCO:Ni  [4],  Ni  is  found  on 
both  copper  sites.  Ni(l)  is  roughly  at  the  ordinary  Cu(l)  site,  however  the  Ni(2)-Ba 
distance  is  0.05  A  shorter  while  the  Ni(2)-Y  distance  0.06  A  longer  than  the  corresponding 
distances  from  Cu(2),  which  suggests  that  the  Ni(2)  atom  is  shifted  along  the  c-axis  by 
about  0.095  ±  0.04  A.  In  YBCOiZn  [6],  the  Zn(2)-Ba  distance  has  decreased  by  0.13  A 
while  the  Zn(2)-Y  distance  has  lengthened  by  a  similar  amount.  This  indicates  that  the  Zn 
is  displaced  along  the  c-axis  by  approximately  0.22  ±  0.04  A.  However,  some  of  this 
distortion  might  be  a  displacement  of  the  Ba  and/or  Y  atoms.  In  contrast  to  these  large 
displacements  about  the  dopant  atom,  the  local  structure  about  the  remaining  Cu  atoms 
remains  almost  unchanged,  even  at  10%  Zn.  This  indicates  that  these  large  displacements 
are  localized  to  a  few  unit  cells  about  the  substituted  atom.  This  seems  also  true  for  some 
other  high  Tc  materials.  For  example,  in  Sr  doped  Tl2Ba2CuOy  [10],  Sr  is  at  a  distorted  Ba 
site  with  a  displacement  of  0.14  A  along  the  c-axis  (towards  the  Cu02  plane)  while  the 
Cu-Ba  distance  does  not  change  much  (<  0.03  A). 


Table  I 

Selected  pair  distances  (in  A,  with  the  estimated  uncertainty  of  0.02  A)  obtained  from  XAFS  studies  [3-6,  8] 


Pairs 

YBa2Cu307 

M  =  Cu 

YBaaCusOe 

M  =  Cu 

YBCOiCo 

M  =  Co 

YBCO:Ni 

M  =  Ni 

YBCO:Zn 

M  =  Zn 

3.47 

3.57 

3.57 

3.49 

3.39 

3.36 

3.33 

3.25 

3.20 

3.18 

3.26 

3.33 

For  the  O-deficient  samples,  it  is  well  known  from  diffraction  results  [11]  and  XAFS  [8] 
that  the  Ba  moves  0.1  A  when  0(1)  (chain  oxygen)  is  removed  to  make  YBaiCusOe. 
These  results  again  indicate  that  Ba  is  easily  displaced,  but  in  this  case  it  is  likely  a  uniform 
displacement  of  Ba  throughout  the  YBa2Cu306  material.  However,  the  larger  thermal 
factor  [11],  which  peaks  at  Oe.as  in  that  study,  suggests  that  in  the  partially  de-oxygenated 
samples,  the  Ba  position  depends  on  the  local  O  environment.  The  XAFS  results  for 
partially  substituted  samples  shows  that  the  range  of  the  distortion  is  small — a  few  unit 
cells. 

Rare  earth  substitutions  onto  the  Y  site  in  YBCO  are  fundamentally  different  than 
metallic  substitutions  in  that  they  generally  have  a  much  smaller  effect  on  the  super¬ 
conducting  properties.  One  exception  is  YBCOiPr,  but  even  in  that  material  T^  does  not  go 
to  zero  until  the  concentration  of  Pr  is  greater  than  50%.  Interestingly,  we  also  find  short 
range  disorder  or  distortion  in  the  YBCOiPr  samples — ^the  O  environment  about  the  Pr  is 
distorted,  but  the  Cu  and  Y  K-edge  XAFS  measurements  show  little  distortion 
(see  Table  n,  Cu  results  not  shown)  [7],  even  at  50%  Pr  concentrations.  This  result  is 
in  contrast  to  Gd  substitution  which  shows  essentially  no  local  disorder  of  the  planar 
oxygens  [12].  The  disorder  in  the  planar  oxygen  environment  around  the  Pr  is  consistent 
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with  a  hybridization  of  Pr^+-0,  Pr'^^-O,  and  Pr^+-0(L)  bonds,  where  L  indicates  a  ligand 
hole.  Such  a  hybridization  should  localize  holes  in  the  planes  and  keep  Cooper  pairs  from 
forming. 

Table  H 

Y  and  Pr  K-edge  fit  results  to  Yi_2;Pr2rBa2Cu307.  R  is  the  bond  length,  nbrs  is  the  total  number  of  bonds,  with 
the  total  Y-0  bonds  normalized  to  the  pure  (x  =  0)  sample  and  the  total  Pr-O  bonds  constrained  to  8. 


X 

R(A) 

Y-0 

nbrs 

Pr 

R(A) 

^short 

nbrs 

Pr  Oiong 

R{A) 

nbrs 

0.0 

2.41 

8.0 

0.3 

2.41 

7.8 

2.25 

1.7 

2.43 

6.3 

0.5 

2.41 

7.6 

2.29 

2.7 

2.43 

5.3 

1.0 

2.27 

2.9 

2.45 

5.1 

For  each  of  the  systems  outlined  above,  the  charge  distribution  has  been  changed  by 
substituting  or  removing  an  atom  in  the  YBCO  crystal.  This  redistribution  results  in  a  large 
distortion  of  the  atoms  within  the  neighbouring  unit  cells  but  with  little  change  in  the  size 
of  the  unit  cell  or  any  distortion  in  more  distant  unit  cells.  Consequently,  electronic  charge 
(including  holes)  in  the  CUO2  layer  should  couple  strongly  to  the  nearby  displaced  atoms 
(such  as  Ba,  0(4),  Zn(2),  etc.)  with  any  distortion  confined  to  a  few  neighbouring  unit 
cells.  This  suggests  that  there  may  be  a  strong  coupling  of  holes  in  the  CUO2  layer  to  a 
band  of  high- A:  (near  the  Brillouin  boundary)  optical  phonons  that  involves  the  motion  of 
the  Ba  and  0(4)  atoms;  however  the  coupling  between  these  atoms  and  adjacent  unit  cells 
appears  to  be  weaker.  Whether  or  not  this  coupling  is  a  major  component  of  the  pair 
coupling  that  leads  to  superconductivity  is  not  certain,  but  clearly  it  cannot  be  ignored.  In 
some  cases,  the  large  distortions  may  also  lead  to  a  localization  of  charge,  which  would 
decrease  the  number  of  free  carriers,  and  therefore  reduce  Tc.  On  a  more  practical  level, 
these  structural  results  indicate  that  local  stoichiometry  may  be  very  important  for  high 
quality  bulk  and  thin  film  materials. 

The  experiments  were  performed  at  the  Stanford  Synchrotron  Radiation  Laboratory. 
The  work  of  Bridges,  Li,  and  Booth  is  supported  in  part  by  NSF  grants  DMR-90-04325 
and  DMR-92-05204. 
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